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Cold gas is fundamental in understanding galaxy formation and evolution since it
provides the fuel for star formation. In addition, the atomic gas can be used to probe
the internal properties of galaxies, their halos, and their environment. Several of the
remaining questions in galaxy evolution can be addressed by studying the gas properties
in galaxies, in particular, the following three: (1) How do galaxies get their gas? (2) How
do galaxies change over time? (3) How are galaxies affected by the environment? The
work presented in this thesis addresses these questions. The thesis is divided into three
parts that cover a range of topics related to gas in galaxies, including the fate of gas in a
merger remnant, the evolution and distribution of halo gas, and how the gas properties
of galaxies change as a function of redshift and environment.
Part I consists of two chapters that present the atomic and molecular gas properties
of a wet merger remnant (NGC 34). Chapter 2 is an analysis of the HI distribution and
kinematics in NGC 34. We find that the progenitors of NGC 34 were gas-rich. The
kinematics of the tidal tails suggest that some of the gas is returning to the central regions
and forming an outer disk. In addition, we find puzzling absorption near the systemic
velocity against the radio continuum. Chapter 3 is a follow-up study consisting of CO
observations done with CARMA and new VLA data with a large velocity coverage to
search for outflows. We detect CO concentrated in the inner regions that matches the
velocity range of the HI in absorption, indicating that there is a circumnuclear disk in the
central regions of molecular and atomic gas. We do not detect the outflow seen in the
optical spectrum in CO or HI , but are able to place upper limits on both.
Part II is an analysis of halo gas in a Milky Way mass galaxy. We use a cosmological
high resolution hydrodynamic simulation to study the distribution, origin, and evolution
of halo gas. At z = 0, we find that the amount (∼ 108 M), covering fraction and distri-
bution are consistent with existing observations. The origin of halo gas is a combination
of filamentary and satellite material. In addition, we find that the amount of halo gas is
roughly constant between z = 0.3 to z = 0, but increases at earlier times.
Part III presents results from the COSMOS HI Large Extragalactic Survey (CHILES),
an HI deep field done with the VLA. These observations show how galaxies grow in
different environments across cosmic time. We are using the expanded capabilities of
the VLA to probe HI in part of the COSMOS field with a 5′′ resolution. Chapter 5
presents results from the pilot that was observed during commissioning. We observed
for 60 hr and covered the redshift range 0 < z < 0.19 in one setting. We report 33 direct
detections in different environments across the redshift range, and a stacked HI mass of
(1.8 ± 0.3) × 109 M for galaxies in a wall at z = 0.12. The pilot demonstrated that the
VLA was ready to carry a full HI deep field. The full survey will be 1002 hr spread over
several B array configurations. Chapter 6 presents preliminary results for the first 178 hr
of the survey (Phase I). We describe the data reduction from Phase I, lessons for upcoming
configurations, and present preliminary results. We detect very extended HI disks in
nearby dwarf galaxies, and present the highest redshift detection to date (z = 0.376).
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Cameron Hummels, Maria Charisi, Jennifer Weston, Jeff Andrews, Yong Zheng, Christine
Simpson, Jen Donovan Meyer, and Kathryn Kreckel. Lastly, thank you Millie Garcia and
Ayoune Payne for taking care of the graduate students.
I have been fortunate to be part of a large collaboration, thank you to all of CHILES
xvii
for being great team members, and always being a fun crowd at collaboration meetings.
In addition, thank you to François Schweizer for being a great collaborator, sharing his
deep expertise on mergers, and always providing great feedback.
I would also like to thank my thesis committee, Mary Putman, David Schiminovich,
and Greg Bryan for meeting with me regularly to discuss my thesis. In addition, special
thanks to DJ Pisano and Andrew Baker for serving as external members during the
examination.
Special thanks to the professors at Vassar that provided an introduction to astronomy,
in particular Debra Elmegreen and Fred Chromey. In addition, thank you to Ed Moran
for providing me with my first research experience and encouraging me to pursue a
PhD in astronomy. Thank you to Tapasi Ghosh, Chris Salter, Emmanuel Momjian, Keivan
Stassun, and David James for providing me with additional research opportunities during
the Summer.
This would not be possible without the endless love from my parents, husband,
siblings, and friends. Thank you for being there for me, I am incredibly lucky to have you
in my life.




Astronomers are the historians of the Universe. We seek to understand how the Universe
started and how it has changed over time. The goal of this thesis is to understand how
galaxies grow and evolve. In particular, this work explores the gas content of galaxies,
and how it can be used to probe their lives.
1.1 A brief history of galaxies
Galaxies have intrigued civilizations for hundreds of years. Before the advent of tele-
scopes, observations were limited to objects that were visible to the naked eye. The Milky
Way glows as a diffuse band of light across the night sky. Its origin was a source of several
myths around the world. Prominent philosophers and astronomers debated its origin.
Some claimed it was a collection of stars, while others like Aristotle argued it was an
atmospheric effect. Galileo was able to show that it was made up of faint stars when he
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used a telescope and observed individual stars. In addition to the Milky Way, the Persian
astronomer Abd al-Rahman al-Sufi was the first one to record observations of Andromeda
and the Large Magellanic Cloud in 964; both objects are visible as fuzzy clouds.
During the 18th and 19th centuries, astronomers were equipped with optical tele-
scopes and able to observe a wide range of galaxies. The pioneering efforts of Caroline
and William Herschel of counting hundreds of stars led them to conclude that the shape
of the Milky Way is a disk (Herschel 1785). In addition, they conducted several deep
surveys, revealing a large population of extended objects (”nebulae”), which we now
know are galaxies. These resulted in several catalogs (e.g., Herschel 1786), which were
the foundation of the more famous New General Catalogue of Nebulae and Clusters of Stars
(NGC) (Dreyer 1888). Another famous catalog developed during this time is The Messier
Catalog, compiled by the French astronomer Charles Messier in 1781 (Messier 1781).
As a consequence of these catalogs, it was well established at the beginning of the
20th century that there were numerous nebulae in the sky. Now the question astronomers
were dealing with was whether these nebulae were part of the Milky Way or if they were
galaxies like our own. This discussion led to The Great Debate in 1920 between Harlow
Shapley and Heber D. Curtis. On one hand, Shapley argued that these objects were nearby
clouds and that there was only one galaxy in the Universe, while Curtis thought that the
Universe consisted of many galaxies and these nebulae were just like our Milky Way
(Shapley & Curtis 1921). This debate was settled later in that decade by Edwin Hubble,
who measured the distance to Andromeda and NGC 6822, and established they were
outside the Milky Way (Hubble 1925a,b). Hubble was able to measure distances using the
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period-luminosity relation in Cepheid variable stars, which was discovered by Henrietta
Swan Leavitt (Leavitt & Pickering 1912).
Astronomers developed galaxy classification systems to further understand these
objects. The most well known one was developed by Hubble (1926) but there were others
as well (e.g., Reynolds 1920). Hubble divided galaxies into groups according to their
appearance, dividing them into spirals (disks with spiral structure), ellipticals (smooth
ellipses), and irregulars (those that do not fit in either of the two previous groupings).
There were further subdivisions in each of these categories depending on how tightly
wound the spiral arms were, the roundness of the ellipse, and if the galaxy had a bar,
among other characteristics. Hubble (1936) placed these different categories into a se-
quence in the shape of a tuning fork (see Figure 1.1). He thought galaxies would evolve
from left to right, start as ellipticals (”early-type” galaxies), and develop into spirals over
time (”late-type” galaxies). We still argue whether there is evolution along the sequence,
and about the processes that would make this possible.
As the century progressed, astronomers started to use telescopes operating at different
wavelengths to explore galaxies beyond the stellar component. Radio astronomy had its
beginnings with Karl G. Jansky, who was the first to detect radio waves from outside
the solar system (Jansky 1933). In addition, infrared telescopes were built on the ground
to observe in the near IR, allowing for studies of dust obscured regions, and in space to
detect far-IR light emitted from dusty regions. A myriad of space telescopes and satellites
were developed in the 1960s and 1970s, able to observe energetic events emitting gamma
and X-rays, and the UV light from young stars.
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Figure 1.1 Hubble’s evolutionary sequence reproduced from Hubble (1936). He divided
galaxies into ellipticals and spirals. He thought ellipticals (”early types”) would evolve
into spiral galaxies (”late types”).
A major breakthrough occurred in the 1970s, when astronomers realized that dark
matter was a fundamental component of galaxies. Zwicky (1933) and Oort (1932) were
the first to suggest its presence from studies of galaxy clusters and dynamics in the solar
neighborhood. More conclusive evidence came from rotation curves of spiral galaxies.
The velocities of the stars or gas at large distances from the center remained close to
constant, implying a large amount of enclosed mass that could not be accounted for by
the visible matter (Bosma 1978; Rubin et al. 1980). In addition, various theoretical studies
started to predict the existence of massive halos, including work by Ostriker & Peebles
(1973) arguing that disks had to be embedded in massive halos in order to be stable.
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1.2 Current understanding of galaxy evolution
Galaxies represent the building blocks of the Universe, and as such, are tracers of its large
scale structure. They are gravitationally bound systems composed of dark matter, stars,
gas, and dust. The combination of multiwavelength observations, theory, and computer
simulations has advanced our understanding of how these components have grown and
evolved over time.
We have a solid understanding of the dark matter distribution of the Universe. It
constitutes close to 85% of all matter, making it a key player in the evolution of the large
scale structure. The cold dark matter paradigm states that tiny quantum fluctuations
produced during inflation were amplified over time by the gravitational effects of dark
matter. Small structures are the first ones to gravitationally collapse, and larger halos
form from mergers of smaller structures (see Frenk & White 2012 for a review). Current
high resolution N-body simulations of the dark matter are able to reproduce the ”cosmic
web,” which is the distribution of galaxies observed by different redshift surveys (Geller
& Huchra 1989; York et al. 2000; Colless et al. 2001). Figure 1.2 shows the remarkable
agreement between observations of the redshift distribution of galaxies and the Millenium
simulation (Springel et al. 2005).
We understand the formation and evolution of the cosmic web, but there are still
many unknowns on the details of how galaxies form. Most of these are related to the
”gastrophysics,” which include understanding how gas gets into the dark matter halos,
how it forms stars, and how it is removed. These processes depend on many factors,
including the size of the halo, its location in the cosmic web, and its redshift.
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Figure 1.2 Comparison between the observed redshift distribution of galaxies with mock
observations of the Millenium simulation (Springel et al. 2005). The figure is reproduced
from Springel et al. (2006). The wedges on the top and left show the observations from
three spectroscopic surveys: Field Galaxy Redshift Survey (2dFRGS; Colless et al. 2001),
SDSS (York et al. 2000), and CfA2 (Geller & Huchra 1989). The other two wedges (bottom
and right) are the mock catalogs from the Millenium simulatiom created with the same
geometry and magnitude limits as in the observations. Notice the remarkable agreement
between the observed and simulated large scale structure.
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1.3 Gas as a tool to study galaxy evolution
1.3.1 Observing the hydrogen content of galaxies
Hydrogen is the most abundant element in the Universe. The interstellar medium of
galaxies like the Milky Way is comprised of 70.4% hydrogen, 28.1% helium, and 1.5% in
heavier metals by mass (see Ferrière 2001 for a review). Hydrogen can be in different
phases depending on its density and temperature: molecular, atomic, and ionized.
Molecular gas is fundamental in understanding galaxy formation since it is the fuel
for star formation. Molecules are mostly found within giant dense clouds with very low
temperatures. The clouds are mainly composed of molecular hydrogen (H2). Cold H2 is
not easily observed in emission since the vibrational transitions only get excited at high
temperatures and rotational transitions are forbidden (see Bolatto et al. 2013 for a review).
There are other molecules in the cloud that are easier to detect such as carbon monoxide
(CO), which has a low excitation energy and a permanent electric dipole moment. The
first observations of CO were done by Wilson et al. (1970), who detected CO in the Orion
Nebula using a radio telescope at Kitt Peak. After that, CO has been used in a myriad
of studies of the Milky Way and extragalactic objects (see Young & Scoville 1991 for an
early compilation). All of these observations have to convert the CO intensity to an H2
column density (or CO luminosity to H2 mass). The conversion factor used (XCO or αCO)
depends on several issues, including the local environment and metallicity (for a detailed
discussion, see Bolatto et al. 2013).
Atomic hydrogen (HI ) has been used extensively in studies of galaxy evolution. It
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is the gas reservoir for star formation, an excellent tool to map the structure and mass
of galaxies since it extends to larger radii than the stars and is a sensitive tracer of the
environment (see review by Giovanelli & Haynes 1988). H. C. van de Hulst predicted in
1944 that HI should be visible at 21-cm (van de Hulst 1951). This prediction was verified
by the radio observations of Ewen & Purcell (1951), and further confirmed by Muller &
Oort (1951). The emission is known as the hyperfine transition of the hydrogen atom. A
photon at 21-cm is emitted when the spin configuration between the proton and electron
changes from parallel to antiparallel. Even though this transition is highly forbidden, it
is easily observable due to the large amount of hydrogen in the Universe. HI is found
at two temperatures, the warm neutral medium (WNM) and the cold neutral medium
(CNM). The WNM is low-density and has temperatures of around 8000 K, while the CNM
is denser and has a temperature of 100 K.
Ionized hydrogen has higher temperatures (> 8000 K) than the previous two phases.
It is detected both as a diffuse component with low densities (warm ionized medium;
WIM), and more concentrated in HII regions. The gas is ionized due to the hot young
stars that emit UV light, stripping the electron from the hydrogen atom. In addition to
hydrogen, HII regions emit several permitted and forbidden lines in the optical part of
the spectrum. These emission lines can be used to study the composition, metallicity and
state of the gas in galaxies (for a complete review, see Shields 1990). Lastly, a hotter phase
(105−106) is also found in galaxies. This hot ionized medium (HIM) is heated and ionized
by shocks, supernovae, and AGN.
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1.3.2 Key questions in galaxy formation
There are several unsolved issues in our understanding of galaxy formation and evolution.
We can use observations of the gas content of galaxies to address the questions listed below.
1.3.2.1 How do galaxies get their gas?
The question of how gas gets into dark matter halos is one of the most discussed issues
in the last decade. The classical theory of galaxy formation developed in the 1970s (e.g.,
White & Rees 1978) states that gas is shock heated once it enters the dark matter halo,
and then some of this gas radiates thermal energy, loses pressure support, and eventually
settles onto a disk in the center. Early work by Binney (1977) shows that some of the gas
will never reach the virial temperature of the halo. Recent simulations quantify whether
the gas will enter the galaxy via ”cold mode” (gas does not shock heat), or via the ”hot
mode” (Birnboim & Dekel 2003; Kereš et al. 2005). ”Cold mode” accretion dominates in
galaxies with baryonic mass less than 1010.3 M at z = 0 (1010.5 M at z = 3). Galaxies in
this mass range tend to be at high redshift and/or in low density environments. On the
other hand, massive galaxies (which tend to be in the local Universe and in high density
environments) accrete the bulk of the gas via hot mode accretion. More recent simulations
have suggested that Milky Way mass galaxies can also accrete gas from the IGM through
disrupted filaments (Kereš & Hernquist 2009).
Observations have long suggested that galaxies continue to accrete gas from the
cosmic web. Indirect arguments such as the metallicity in the solar neighborhood suggest
that a pristine supply of gas is necessary (Larson 1972; Chiappini et al. 2001). In addition,
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a number of HI observations show evidence for accretion. Cold HI gas is found in the form
of high-velocity clouds in the halos of some spiral galaxies, including the Milky Way (for
reviews, see Sancisi et al. 2008; Putman et al. 2012). Some galaxies have features like polar
rings in low density environments or HI disks misaligned with the stellar component
(Stanonik et al. 2009; Serra et al. 2012b). There is some disagreement as to whether these
observations constitute evidence for accretion. Some of the extended HI with anomalous
velocities could be due to an interaction, or some of the halo gas could be due galactic
fountain material. In reality, a combination of processes might be taking place. For
example, Fraternali & Binney (2008) find that extraplanar gas in NGC 891 and NGC 2403
is a combination of accreted gas from filaments and galactic fountain material.
1.3.2.2 How do galaxies change over time?
Multiwavelength observations have conclusively shown that galaxies change over cosmic
time. Deep HST images such as the Hubble Ultra Deep Field revealed galaxies of different
sizes and ages (Beckwith et al. 2006). Galaxies in the early Universe tend to be small and
clumpy, while nearby galaxies are either spirals or ellipticals, suggesting that many grow
through mergers (e.g., Elmegreen et al. 2009). This serves as evidence for the hierarchical
growth of galaxies.
In addition, measurements of the star formation rate (SFR) at different wavelengths
have quantified the star formation history of the Universe. Figure 1.3 shows a compilation
by Hopkins & Beacom (2006) of the measurements for the SFR density at different redshifts.
The SFR measurements are done using different indicators, including IR, Hα, radio, and
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Figure 1.3 Plot from Hopkins & Beacom (2006) showing the star formation rate density
across cosmic time. The symbols represent the measurements from different compilations
or surveys: red star (radio data; Mauch 2005), red circle (Hα data; Hanish et al. 2006),
gray (compilation data; Hopkins 2004), green (FIR data; Pérez-González et al. 2005), blue
(UV data; Baldry et al. 2005; Wolf et al. 2003; Arnouts et al. 2005; Bouwens et al. 2003a,b;
Bouwens 2006; Bunker et al. 2004; Ouchi et al. 2004). Note that the SFR density drops by
more than an order of magnitude between the peak at z ∼ 2 and z = 0.
UV. As reflected by the large error bars, there are some uncertainties at higher redshift
since it is challenging to measure SFRs of dusty galaxies (see Casey et al. 2014 for a review).
The star formation reaches a maximum around z ∼ 2, and drops by more than an order of
magnitude from the peak to z = 0.
One of the ways of understanding the SFR history is to measure the amount of cold
gas across cosmic time. Observations have quantified the cosmic HI abundance (ΩHI )
at z∼ 0 via the 21-cm line (e.g., Zwaan et al. 2005; Martin et al. 2010), and at z > 2 via
damped Lyman-α (DLA) systems (e.g., Noterdaeme et al. 2009). A comparison between
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the amount at z ∼ 2 and at z = 0 shows mild evolution of HI , but additional observations
in the interval 0 < z < 2 are necessary to confirm this. Some observations have been made
in this interval using stacking or intensity mapping, but have large uncertainties. Figure
1.4 from Blyth et al. (2015) compiles the different measurements for ΩHI and compares
them to semi-analytics models (SAMs) from Lagos et al. (2012). Two conclusions can be
drawn from this plot: (1) more accurate data are needed in the interval 0 < z < 2, and
(2) the models only match the HI at z = 0. This agreement is not surprising since these
models are designed to match the observations at z = 0.
A similar plot can be made to understand the amount of molecular gas as a function
of redshift. Figure 1.5 from Lagos et al. (2015) shows observations and results from
simulations for ΩH2 across cosmic time. The observations at z = 0 are from Kereš et al.
(2003) and Obreschkow & Rawlings (2009), and from Walter et al. (2014) at high redshift.
The curves show results from the EAGLE simulation (Schaye et al. 2015), which has been
post-processed to assign H2 masses to gas particles. Similar conclusions can be drawn from
this plot: (1) more observations are needed, and (2) there is some discrepancy between
simulations and observations.
Figures 1.4 and 1.5 show why it is necessary to have better observations and im-
proved simulations. It is crucial to have larger samples with HI and H2 measurements
to accurately derive cosmic abundances. This will soon be possible with ALMA and the
SKA pathfinders. In addition, detailed images of the gas distribution in these systems
could reveal some of the processes that are responsible for the decline in the SFR.
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Figure 1.4 Plot from Blyth et al. (2015) showing the different measurements for ΩHI across
cosmic time. The measurements at z = 0 are from Zwaan et al. (2005) and Martin et al.
(2010). The values in the interval 0 < z < 0.4 are stacking results from Lah et al. (2007);
Delhaize et al. (2013); Rhee et al. (2013). ΩHI measurements for z > 0.4 are from Lyα
studies (Noterdaeme et al. 2009, 2012; Prochaska et al. 2005; Rao et al. 2006). The solid
curve represents the result from Lagos et al. (2012). Note the large error bars for the
measurements between z = 0 and z = 2. and that the model does not fit the data.
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Figure 1.5 Plot from Lagos et al. (2015) showing the evolution of molecular gas. The data
points represent the observations at z = 0 (Kereš et al. 2003; Obreschkow & Rawlings
2009). The boxes show the estimates from Walter et al. (2014). The curves are the results
from the post-processed EAGLE simulation (Schaye et al. 2015; Lagos et al. 2015). Note
the lack of observational data, and that there is some discrepancy between the data and
simulations.
1.3.2.3 How are galaxies affected by environment?
The role of the environment in galaxy evolution has been discussed for decades. This
translates to a debate of nurture vs. nature: Does galaxy evolution depend on the internal
characteristics (nature) of the system or is it driven by the environment (nurture)? We
now have come to an understanding that galaxies evolve as a consequence of both. Most
processes are influenced by both the innate properties of the galaxy and its surroundings.
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One aspect that has shown that galaxies are influenced by the environment is the gas
physics. The HI is an extremely useful diagnostic for processes that might be taking place
that are not evident at other wavelengths, such as low-level interactions with companions,
ram pressure stripping, and on-going accretion.
This has been especially true when we try to understand what happens to galaxies
in the cluster environment. Ever since the 1930s, it was noticed by Hubble & Huma-
son (1931) that spirals were more numerous in the field, while ellipticals and early types
were dominant in clusters. This observation was formalized in the morphology-density
relation, where it was shown that spirals were predominantly found in low-density en-
vironments and practically negligible in clusters (Dressler 1980). The opposite held true
for ellipticals and early-type galaxies, with high-fractions in clusters and very few in iso-
lation. A possible explanation for this was suggested by Gunn & Gott (1972), motivated
by the discovery of intra-cluster gas in clusters. They suggested that the hot gas could be
stripping spiral galaxies of their HI as they entered the cluster environment. This idea has
been corroborated by a number of HI observations. Here the HI is crucial since stripping is
a gas-gas interaction and will not be evidenced in the optical. Early observations indicated
that spirals in the cluster environment were HI-deficient. It became even more clear with
higher-resolution images of a large sample of spirals in the Virgo Cluster that showed
clear signs for ram pressure stripping (Cayatte et al. 1990; Chung et al. 2009). Many of
these galaxies have HI tails pointing away from the center. Follow-up optical and UV
observations that study the stellar compositions yield an estimate for the star formation
history of the galaxy. Simulations are able to replicate most of the observations and show
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in detail how galaxies get stripped (e.g., Tonnesen et al. 2007). Overall, both observations
and theory are converging on the idea that spiral galaxies lose their gas as they enter the
cluster environment, quenching star formation, and possibly turn into early-type galaxies.
Recent studies of groups are starting to show what happens to galaxies as they
undergo tidal interactions and ram pressure stripping. Verdes-Montenegro et al. (2001)
studied a sample of Hickson compact groups and find HI deficiencies comparable to the
ones seen in galaxies in Virgo and Coma. In looser groups, such as in NGC 2563, the
HI morphology indicates the galaxies are undergoing interactions (Rasmussen et al. 2012).
In both cases, there is evidence for tidal interactions and ram pressure stripping. Even
on smaller scales, the halo of a single galaxy affects the evolution of its satellites. It has
been shown in the Milky Way that at distances smaller than 240 kpc all of the dwarfs are
gas-deficient, while at larger distances they still have gas (Grcevich & Putman 2009). In
addition to this, the head-tail morphologies of many HVCs provide indirect evidence for
the hot medium (Peek et al. 2007). It has now become increasingly clear that the hot gas
is affecting the evolution of galaxies in less dense environments.
In a less dense environment, the HI also tells us what happens to the galaxy as it
interacts with companions. There are various degrees of interaction and the outcomes are
highly-dependent on the mass ratio of the galaxies. In the more extreme case, two large
spirals merge and become an early type galaxy. Interacting galaxies were first studied
observationally by Zwicky (e.g., 1956) but it was not entirely clear that the features such as
long tidal tails were a result of gravitational interactions. In the 1970s, Toomre & Toomre
(1972) were able to match the observed optical features with a simple N-body simulation
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of two disk galaxies merging. While the stellar dynamics themselves are well understood,
it is yet not completely known what is the fate of the gas in mergers. HI observations of
the Toomre sequence were carried out by Hibbard & van Gorkom (1996), showing the
gas properties at different stages of a major merger. In the early stages, there is HI gas in
both tidal tails and in the main body, but as the merger progresses, 50% of the gas in the
base of the tails falls back to the remnant to feed the central regions. In some cases, the
gas eventually forms a new exponential disk, as has been seen in both simulations and
observations (Barnes 2002; Schweizer & Seitzer 2007; Schiminovich et al. 2013). Overall,
mergers are transforming spiral galaxies into early-type galaxies, and the HI tells us what
the fate of the gas is.
Lastly, maps of the large scale structure have delineated the cosmic web and the
location of the voids. Voids occupy most of the space in the local Universe, are 20 − 50h−1
Mpc in diameter, and do not contain many galaxies (van de Weygaert & Platen 2009).
This pristine environment provides a unique opportunity to study how galaxies evolve in
isolation. Kreckel et al. (2012) carried out HI observations of a sample of 60 galaxies that
are selected to be in the most underdense regions of SDSS. Previous studies had shown
these objects to be blue with higher specific star formation rate than galaxies in denser
environments. The HI study showed them to have a large gas disk with respect to the




This thesis consists of three parts that seek to advance our current understanding of the
questions highlighted above. The first part is focused on a detailed study of the gas
distribution and kinematics of NGC 34, a wet (gas-rich) merger remnant in the local
Universe. Then, Part II is related to the evolution of gas from a simulations perspective.
Lastly, Part III deals with the evolution of gas but from an observational perspective using
HI deep fields. The abstracts for the chapters are included below.
1.4.1 Part I: CO and HI Observations of a Wet Merger Remnant
1.4.1.1 Chapter 2: A Radio Perspective on the Wet Merger Remnant NGC 34
We present Very Large Array observations of the neutral hydrogen and radio continuum
of NGC 34 (= NGC 17 = Mrk 938). This object is an ideal candidate to study the fate of
gas in mergers, since, as shown by an optical study done by Schweizer & Seitzer (2007),
it is a gas-rich (“wet”) merger remnant of two disk galaxies of unequal mass hosting a
strong central starburst and a weak active galactic nucleus (AGN). We detect HI emission
from both tidal tails and from nearby galaxies, suggesting that NGC 34 is actually part
of a gas-rich group and might have recently interacted with one of its companions. The
kinematics of the gas suggests this remnant is forming an outer disk of neutral hydrogen
from the gas of the northern tail. We also detect broad HI absorption (514 ± 21 km s−1
wide) at both negative and positive velocities with respect to the systemic velocity. This
absorption could be explained by the motions of the tidal tails or by the presence of a
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circumnuclear disk. In addition, we present radio-continuum images that show both
nuclear (62.4 ± 0.3 mJy) and extra-nuclear emission (26.5 ± 3.0 mJy). The extra-nuclear
component is very diffuse and in the shape of two radio lobes, spanning 390 kpc overall.
This emission could be a signature of an AGN that has turned off, or it could originate
from a starburst-driven superwind. We discuss the possible scenarios that explain our
observations, and what they tell us about the location of the gas and the future evolution
of NGC 34.
1.4.1.2 Chapter 3: Discovery of a Small Central Disk of CO and HI in the Merger
Remnant NGC 34
We present CO(1-0) and HI (21-cm) observations of the central region of the wet merger
remnant NGC 34. The Combined Array for Research in Millimeter-wave Astronomy
observations detect a regularly rotating disk in CO with a diameter of 2.1 kpc and a total
molecular hydrogen mass of (2.1 ± 0.2) × 109 M. The rotation curve of this gas disk
rises steeply, reaching maximum velocities at 1′′ (410 pc) from the center. Interestingly,
HI observations performed with the Karl G. Jansky Very Large Array show that the
absorption against the central continuum has the exact same velocity range as the CO in
emission. This strongly suggests that the absorbing HI also lies within 1′′ from the center,
is mixed in and corotates with the molecular gas. A comparison of HI absorption profiles
taken at different resolutions (5′′−45′′) shows that the spectra at lower resolutions are less
deep at the systemic velocity. This provides evidence for HI emission in the larger beams,
covering the region from 1 kpc to 9 kpc from the center. The central rapidly rotating disk
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was likely formed either during the merger or from fall-back material. Lastly, the radio
continuum flux of the central source at mm wavelengths (5.4 ± 1.8 mJy) is significantly
higher than expected from an extrapolation of the synchrotron spectrum, indicating the
contribution of thermal free-free emission from the central starburst.
1.4.2 Part II: The Evolution of Gas: A Perspective from Simulations
1.4.2.1 Chapter 4: The Origin and Distribution of Cold Gas in the Halo of a Milky
Way Mass Galaxy
We analyze an adaptive mesh refinement hydrodynamic cosmological simulation of a
Milky Way sized galaxy to study the cold gas in the halo. HI observations of the Milky
Way and other nearby spirals have revealed the presence of such gas in the form of
clouds and other extended structures, which indicates on-going accretion. We use a high-
resolution simulation (136 − 272 pc throughout) to study the distribution of cold gas in
the halo, compare it with observations, and examine its origin. The amount (∼ 108 M in
HI ), covering fraction, and spatial distribution of the cold halo gas around the simulated
galaxy at z = 0 are consistent with existing observations. At z = 0, the HI mass accretion
rate onto the disk is 0.2 M yr−1. We track the histories of the 20 satellites that are detected
in HI in the redshift interval 0.5 > z > 0 and find that most of them are losing gas, with a
median mass loss rate per satellite of 3.1 × 10−3 M yr−1. This stripped gas is a significant
component of the HI gas seen in the simulation. In addition, we see filamentary material
coming into the halo from the intergalactic medium at all redshifts. Most of this gas does
not make it directly to the disk, but part of the gas in these structures is able to cool
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and form clouds. The metallicity of the gas allows us to distinguish between filamentary
flows and satellite gas. We find that the former accounts for at least 25% − 75% of the
cold gas in the halo seen at any redshift analyzed here. Placing constraints on cloud
formation mechanisms allows us to better understand how galaxies accrete gas and fuel
star formation at z = 0.
1.4.3 Part III: The Evolution of Gas: A Perspective from Observations
1.4.3.1 Chapter 5: A Pilot for a Very Large Array HI Deep Field
High-resolution 21 cm HI deep fields provide spatially and kinematically resolved images
of neutral hydrogen at different redshifts, which are key to understanding galaxy evolution
across cosmic time and testing predictions of cosmological simulations. Here we present
results from a pilot for an HI deep field done with the Karl G. Jansky Very Large Array
(VLA). We take advantage of the newly expanded capabilities of the telescope to probe
the redshift interval 0 < z < 0.193 in one observation. We observe the COSMOS field for
50 hr, which contains 413 galaxies with optical spectroscopic redshifts in the imaged field
of 34′ × 34′ and the observed redshift interval. We have detected neutral hydrogen gas
in 33 galaxies in different environments spanning the probed redshift range, including
three without a previously known spectroscopic redshift. The detections have a range of
HI and stellar masses, indicating the diversity of galaxies we are probing. We discuss the
observations, data reduction, results and highlight interesting detections. We find that the
VLA’s B-array is the ideal configuration for HI deep fields since its long spacings mitigate
radio frequency interference. This pilot shows that the VLA is ready to carry out such a
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survey, and serves as a test for future HI deep fields planned with other SKA pathfinders.
1.4.3.2 Chapter 6: A Very Large Array HI Deep Field
We present preliminary results of the first 178 hours of the COSMOS HI Large Extragalactic
Survey (CHILES), an HI deep field conducted with the VLA. The recently upgraded VLA
makes it now possible to image the HI in galaxies beyond the local Universe. We are using
the broad bandwidth of the VLA to probe HI in the redshift interval 0 < z < 0.5 in one
pointing of the COSMOS field. We introduce the survey, its design, and its scientific goals.
In addition, we discuss the data reduction, challenges and lessons of the first 178 hours of
data. Lastly, we present preliminary results from three cubes covering different frequency
ranges. We use two of these cubes to compare the new data with the pilot data for two
nearby dwarf galaxies, and a merger at z = 0.12. The last cube covers HI at z ∼ 0.37, where
we detect HI in a large spiral that is forming stars at 60 M yr−1. This is the highest redshift
HI emission-line detection to date. The distribution of the HI suggests we are detecting a
small interacting group of galaxies.
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Part I
CO and HI Observations of a Wet Merger
Remnant
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Chapter 2
A Radio Perspective on the Wet Merger
Remnant NGC 341
2.1 Introduction
In the hierarchical galaxy-formation model, mergers play a fundamental role in galaxy
evolution (White & Rees 1978). Mergers have been extensively studied observationally
and numerically since the pioneering efforts of Zwicky (1953, 1956) and Toomre & Toomre
(1972). It is now widely accepted that a fraction of early-type galaxies have formed from
the merging of galaxies (e.g., Schweizer 1998). Many of these mergers are known in
the literature as “wet” since their progenitor galaxies were rich in atomic and molecular
hydrogen. It is therefore essential to understand how these systems may evolve into
1This section is a reformatted version of an article by the same name by Ximena Fernández, J.H. van
Gorkom, François Schweizer and Joshua E. Barnes that can be found in The Astronomical Journal, Volume
140, Issue 6, pp. 1965-1974 (2010). The abstract for this paper is reproduced in Section 1.4.1.1.
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the gas-deficient early-type galaxies we see today. A complication is that many of these
wet mergers harbor starbursts and/or active galactic nuclei (AGNs). Merger-induced star-
bursts are beginning to be comprehended, but the processes associated with the formation
and growth of black holes are less well understood. In addition to this, the gas involved
in these two phenomena plays a competing role, thus further complicating our under-
standing of the physics. Both starbursts and AGNs use hydrogen as their fuel, requiring
that outer gas be sent to the inner regions, but at the same time galactic winds associated
with both phenomena provide a mechanism for the gas to escape the central regions of
the remnant. In this study we are interested in understanding the fate of gas in a wet
merger, especially in the presence of both a starburst and an AGN, to gain insight into the
formation and evolution of early-type galaxies.
NGC 34 (= NGC 17 = Mrk 938) is an ideal candidate for study because it is a gas-
rich merger that hosts a strong starburst and a weak AGN, as evidenced by its optical,
infrared, radio, and X-ray properties. Throughout this paper, we adopt a distance of 85.2
Mpc (Schweizer & Seitzer 2007, hereafter SS07). All of the properties we cite have been
corrected to this distance. SS07 did a thorough optical study to find detailed clues about
the merger process from an optical perspective. Figure 2.1 is a B-band image from their
study. The two linear tidal tails to the northeast and south of the main body reveal this to
be a remnant of two merged disk galaxies. In addition to these tails, there are other optical
features typical of a merger remnant: a single nucleus, and an envelope that contains
dust lanes, ripples, fans, and jets of luminous matter. Also, there is a cloud of luminous
debris to the northwest of the nucleus (NW cloud), whose origin could be either remnant
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Figure 2.1 B-band images of NGC 34 taken with the du Pont 2.5 m telescope. Images
correspond to panels (a) and (d) of Figure 1 of Schweizer & Seitzer (2007). Left: 4.′3 × 4.′3
field of view; the box marks the 86′′×86′′ field of view shown enlarged to the right. Right:
the boxed portion of left image shown enlarged by a factor of 3 and displayed at a lower
contrast.
material from one of the progenitors or a companion. Single-dish radio data show NGC 34
to be gas-rich in both neutral and molecular hydrogen, since the neutral-hydrogen mass
is MHI ≈ 1.7× 1010 M (Mirabel & Wilson 1984), and the molecular-gas mass derived from
CO observations is MH2 ≈ 7 ± 3 × 109 M (Kandalyan 2003; Krügel et al. 1990; Chini et al.
1992).
NGC 34 has also been studied extensively in the infrared, since it is a luminous
infrared galaxy (LIRG). LIRGs are defined as having infrared luminosities in the range
11.0 < log(LIR/L) < 12.0 (Soifer et al. 1987). Most LIRGs are interacting/merging systems,
with vast quantities of molecular gas (∼ 1010 M). At the lower end of this luminosity
range, the bulk of the infrared luminosity is due to dust heating by a nuclear starburst,
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while AGNs become increasingly important at higher luminosities (Sanders & Mirabel
1996). The infrared luminosity of NGC 34 is log(LIR/L) = 11.61 (Chini et al. 1992),
suggesting that both the starburst and the AGN contribute significantly to it. Inferred star
formation rates range from 50 M yr−1 (Valdés et al. 2005) to 80–90 M yr−1 (Prouton et al.
2004).
The optical nuclear spectrum of NGC 34 also shows signs of the presence of an
AGN and starburst. It appears composite and exhibits a weak [O III] λ5007 emission
line relative to Hβ or Hα, placing NGC 34 in a transition category of objects with nuclear
spectra between starburst and Seyfert 2 (e.g., Gonçalves et al. 1999). Estimates for the
relative contributions of the starburst and AGN to the bolometric flux range between
75%/25% (Imanishi & Alonso-Herrero 2004) and 90%/10% (Gonçalves et al. 1999). The
X-ray luminosity of NGC 34 serves as independent evidence for the presence of an AGN:
LX,2−10 keV ≈ 2.2+2.8−0.9 × 10
42 erg s−1 measured from XXM-Newton observations by Guainazzi
et al. (2005) (with errors computed by J. Rigby, see SS07). This value is too high to be
explained by a starburst alone and is comparable to that of the classical Seyfert 1.5 galaxy
NGC 4151.
The optical study by SS07 discovered various properties that give clues about the
merging history of NGC 34. The authors propose the following: two disk galaxies of
unequal mass merged, creating a galaxy-wide starburst that occurred first about 600
Myr ago, peaking over 100 Myr ago, and giving birth to an extensive system of young
globular clusters with ages in the range 0.1–1.0 Gyr. The study reveals a young, blue
stellar exponential disk that formed about 400 Myr ago from gas settling toward the end
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of the merger. The two nuclei are either still coalescing or have just finished merging,
creating the final concentrated and obscured starburst and the AGN, both driving a strong
gaseous outflow. The authors detect this outflow from the blueshifted Na I D doublet,
which yields a mean outflow velocity of −620 ± 60 km s−1 and a maximum velocity of
−1050 ± 30 km s−1, and suggest that the outflow may extend northward of the nucleus in
a fanlike structure. These velocities are surprisingly high, even for a galaxy with a high
SFR such as NGC 34, indicating that the outflow could be linked to AGN activity.
In the following sections, we present a comprehensive radio study of NGC 34 that
includes HI and radio continuum observations to analyze the distribution and kinematics
of the gas. We seek to understand the fate of the gas, which is already exhibiting intriguing
behavior in the optical study as evidenced by the detection of the blue stellar disk formed
in the later stages of the merger and the outflow of cool gas. Our observations allow us to
address the following questions: Were the two progenitors gas-rich? Where is the neutral
gas located? Is there any neutral gas left in the center of the remnant? Is the HI feeding
the starburst and/or AGN, or is it being pushed out of the central regions via superwinds?
What is the origin of the NW cloud? In addition to answering these questions, the velocity
information of the tails will help put tight constraints on the modeling of unequal mass
mergers and accurately determine the mass ratio of the progenitors, the merger history,
and the evolution of the remnant.
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2.2 Observations and Data Reduction
NGC 34 was observed in 2008 and 2009 with the Very Large Array (VLA)2 in spectral-line
mode at 21-cm and in two hybrid configurations: the DnC array and CnB array (Napier
et al. 1983). These hybrid arrays consist of the antennas in the east and west arms being
in the more compact configuration (first letter), while the ones in the north arm are in
the more extended configuration (second capital letter). At the adopted distance of 85.2
Mpc for NGC 34 (SS07), these hybrid configurations give a resolution of 18 kpc and 6 kpc,
respectively. The DnC array observations of 2008 consisted of one run lasting 5 hr, while
the CnB array observations of 2009 consisted of three runs, each lasting 7 hr. Both sets of
observations used a 6.25 MHz bandwidth centered at the heliocentric systemic velocity of
5870 km s−1 (SS07), with 31 channels and a spacing of 43 km s−1. This setup resulted in a
velocity coverage of 1285 km s−1, starting at 5229 km s−1, and ending at 6514 km s−1.
The data were reduced with the Astronomical Image Processing System (AIPS) fol-
lowing standard calibration procedures for each configuration. We subtracted the contin-
uum by making a linear fit to the line-free channels, and then combined the data of the
two configurations in the visibility plane. We generated three HI data cubes, one for each
configuration and one for the combined data. The resulting data cubes were made with
a robustness parameter of 1 (Briggs 1995), a combination between natural and uniform
weighing, to optimize both sensitivity and spatial resolution. We CLEANed the data
cubes to minimize sidelobes. Maps of the total HI distribution and velocity field for the
combined observations were made by taking moments along the frequency axis. This was
2The VLA is operated by the National Radio Astronomy Observatory, which is a facility of the National
Science Foundation (NSF), operated under cooperative agreement by Associated Universities, Inc.
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Table 2.1. Observation Parameters
DnCa CnBb DnC+CnB Untapered Tapered
Continuum Continuum
Number of channels 31 31 31 11 11
Flux calibrator 0137+331 0137+331 ... ... ...
Phase calibrator 0018-127 2357-114 ... ... ...
Synthesized beam 39.′′6 × 27.′′1 14.′′2 × 12.′′0 16.′′3 × 13.′′6 16.′′4 × 13.′′6 42.′′1 × 31.′′6
Noise (mJy beam−1) 0.22 0.14 0.13 0.05 0.10
Tb conversion factor (K) 0.56 3.52 2.70 - -
NHI sensitivity (cm−2) 9.7 × 1018 3.9 × 1019 2.8 × 1019 - -
aObserved in 2008 June
bObserved in 2009 June
done by first smoothing the data cubes spatially with a Gaussian function over a cellsize
of 15′′ and in velocity with a Hanning function over a cellsize of three channels. A mask
was created by blanking pixels of the smoothed data cubes below our cutoff set at 2σ. This
mask was applied to the full-resolution data cube to then sum over the data and generate
the different moment maps.
Additionally, we present untapered and tapered images of the radio-continuum that
were generated by combining the line-free channels in the visibility plane. We made the
untapered image with a robustness parameter of 1 and CLEANed it by placing boxes
around the emission regions. We also generated a tapered image with the same parame-
ters, but with point sources subtracted from the uv data, and applying a Gaussian taper
of 5 kλ to better map the extended structure.
Table 2.1 presents information about the radio observations for each configuration,
the combined data set, and the continuum images. It lists the number of channels,
calibrators used, synthesized beam size, rms noise level, conversion factor from flux (mJy)
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to brightness temperature (K), and the HI column density sensitivity (corresponding to
1σ).
We calculated HI masses via the following equation:





Sdv is the integrated flux density in Jy km s−1, and DL is the luminosity distance
in Mpc.
We utilized the following equation to calculate HI column densities (assuming the
gas is optically thin):
NHI(cm−2) = 1.823 × 1018 Tb ∆v (2.2)
where Tb is the brightness temperature in K, and ∆v is the velocity width in km s−1. We
determined HI -absorption column densities via the following equation:
NHI(cm−2) = 1.823 × 1018 Ts
∫
τdv (2.3)
where Ts is the spin temperature, and
∫
τdv is the integrated optical depth.
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2.3 Results and Analysis
2.3.1 HI Observations
2.3.1.1 Channel Maps
Figure 2.2 shows a set of individual channel maps of our combined observations overlaid
on a deep image from SS07, with contour levels of (−1.04, −0.78, −0.52, −0.26, 0.26, 0.52,
0.78, 1.04) mJy beam−1. The optical heliocentric systemic velocity of NGC 34 is 5870±15 km
s−1 (SS07). We detect emission from three kinds of features: the tidal tails, emission south
of the nucleus, and neighboring galaxies. The HI coincident with the optical northern tail
is seen in panels 5–10 and with the southern tail in panels 4–6. In addition to this, there is
emission south of the nucleus wrapping around the remnant and reaching the NW cloud
in panels 3–10. The kinematics of the tails suggests that this gas may actually be part of
the northern tail that has fallen back toward the nucleus and is forming an outer disk of
HI . The tip of the northern tail is moving at redshifted velocities (panels 8–10), while the
emission closest to the nucleus is moving at blueshifted velocities (panels 5–7), showing
that part of the tail experiences a reversal of velocities and is approaching the nucleus.
This emission is continuous with the HI seen to the south of the nucleus, suggesting they
could be connected. This gas seems to be rotating as it wraps around the nucleus reaching
the NW cloud at redshifted velocities. We detect broad absorption against the continuum
source that begins at the blueshifted velocity of 5570 km s−1 and ends at the redshifted
velocity of 6084 km s−1, spanning over 500 km s−1.
In addition to the hydrogen detected in NGC 34, we see HI emission from four
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Figure 2.2 Set of individual channel maps of our combined HI observations of NGC 34
overlaid on a deep image from SS07 with contour levels of (−1.04, −0.78, −0.52, −0.26,
0.26, 0.52, 0.78, 1.04) mJy beam−1. Negative contours are marked in yellow, and positive
contours in blue. The optical systemic velocity of the remnant is 5870 km s−1. The size of
the synthesized beam is plotted in the bottom right hand corner of the last panel.
34
Table 2.2. Gas-rich Group of Galaxies
Name R. A. Decl. VHI,hel
∫
Sdv MHI
(J2000) (J2000) (km s−1) (Jy km s−1) ( 109 M)
NGC 34 00 11 06.56 −12 06 27.5 ...a 4.20 ± 0.13 7.20 ± 0.22
NGC 35 00 11 10.50 −12 01 15.2 5977 4.26 ± 0.10 7.30 ± 0.17
PGC 958866 00 11 19.68 −12 00 44.4 6021 0.61 ± 0.05 1.04 ± 0.09
PGC 958282 00 11 25.91 −12 03 20.4 5763 0.16 ± 0.02 0.27 ± 0.03
Uncataloged 00 10 30.54 −12 02 11.2 5978 0.58 ± 0.05 0.99 ± 0.09
aDisturbed and complex integrated HI profile yields no reliable value for the
systemic velocity.
companion galaxies, showing that NGC 34 belongs to a small gas-rich group (see Figure
2.5 below). None of the companions has previously been observed in HI . Out of these,
NGC 35 is the biggest one and lies at a projected distance of 131 kpc from NGC 34. The other
three are smaller galaxies, of which two had been cataloged by Paturel et al. (2003) and one
is uncataloged. Table 2.2 gives the designated names of the companions, their coordinates,
their systemic heliocentric HI velocity, their flux density, and the corresponding HI mass.
We calculate the HI mass for NGC 34 and neighboring galaxies from the channel maps
using Equation (1) (assuming the adopted distance of 85.2 Mpc). We get a total HI mass of
(7.2± 0.2)× 109M for NGC 34. We note that this is a lower limit since there is absorption.
This value is lower than the published value of 1.7 × 1010 M (Mirabel & Wilson 1984)
from single-dish observations. The single-dish mass is higher since NGC 35 (which is 5′
away) was also in the 8.′2 beam. In addition to this, the value is uncertain due to errors
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Figure 2.3 Position–velocity diagram along the northern tidal tail (right side) and through
the nucleus to the gas southwest of it (left side). The solid contours represent emission in
levels of 2σ, 4σ, 6σ, and 8σ, while the dashed ones show the absorption in levels of −2σ,
−4σ, −6σ, and −8σ. The cross marks the central declination and optical systemic velocity.
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2.3.1.2 Position–Velocity Diagram
Figure 2.3 shows a position–velocity diagram along the northern tidal tail and through
the nucleus to the gas southwest of it. This diagram was made by rotating the data cube
by 38.◦4, which corresponds to the position angle along the northern tidal tail, around the
velocity axis going through the nucleus. We then transposed the axes such that the velocity
and declination were the first two axes, leaving right ascension as the third one. We plot
a 15′′ wide slice of this transposed cube at the central pixel to show the kinematics of the
northern tail and of the gas southwest of the nucleus at different declinations. The dashed
lines correspond to HI absorption, while the solid lines show the HI emission. Note that
the velocities in the northern tail start redshifted and become blueshifted as they move
toward the nucleus, while the velocities in the southwestern gas are mostly blueshifted.
Also, the central HI absorption is much wider in velocity than the HI emission from the
northern tail and southwestern gas.
2.3.1.3 Absorption Profile
Figure 2.4 shows the absorption profile of our combined observations at the central posi-
tion of the remnant. The profile is 514±21 km s−1 wide and asymmetric with respect to the
adopted systemic velocity of 5870 km s−1. The blueshifted component has a width of 300
km s−1 and reaches its maximum depth at 5613 km s−1, while the redshifted component
has a width of 214 km s−1 and reaches its maximum depth at 5956 km s−1. We calculate a
column density of 3 × 1021 cm−2 using Equation (3), where the integrated optical depth is
16.4 km s−1, and where we assume a value of 100 K for the spin temperature.
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Figure 2.4 Absorption profile of our combined HI observations showing asymmetric
blueshifted and redshifted components. The optical systemic velocity of NGC 34 is 5870
km s−1 (indicated by the upward arrow).
2.3.1.4 Moment Maps
Figure 2.5 shows the moment 0 map, which is the total HI distribution of our combined
observations overlaid on a Digitized Sky Survey image (top) and on a deep image from
SS07 (bottom). The contours represent emission drawn at levels of (8, 28, 48, 68, 108)× 1019
cm−2. We detect emission from both tidal tails, an outer disk wrapping around the nucleus,
and from neighboring galaxies. This image also suggests that the NW cloud and northern
tail may be a single feature, since we see continuity in the projected HI distribution. The
hydrogen in the northern tail reaches a projected distance of 52 kpc from the center and
is significantly displaced to the east when compared to the stars. The southern tail has a
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small amount of HI coincident with the stars, reaching a maximum projected distance of
49 kpc from the center. The gas in this tail is also significantly displaced to the west when
compared to the optical. Some of the gas south of the nucleus might also contain HI from
the southern tail.
Figure 2.6 shows the moment 1 map color coded by velocity. This image of the velocity
field of NGC 34 helps visualize the kinematics of the HI gas. As already evidenced by
the channel maps and position–velocity diagram, the map shows that the velocity field
along the tails is surprisingly smooth. We can see the tip of the northern tail at redshifted
velocities, while the HI near the nucleus is moving at blueshifted velocities. This gas fits
in with the velocity pattern south of the nucleus where we see the HI rotating since we
detect the gas at blueshifted and then redshifted velocities.
2.3.2 Radio Continuum
To better understand the central HI absorption we also made images of the radio con-
tinuum. These images portray a complex picture of the radio morphology of NGC 34.
Besides two point sources, of which one coincides with NGC 34, they reveal two extended
structures to the northeast and west that resemble faint radio lobes. Figure 2.7 shows the
radio continuum contours drawn in levels of (0.2, 0.4, 0.6, 0.8, 1) mJy beam−1 from the
untapered image and overlaid on a Digitized Sky Survey image. These contours show the
central emission centered at R.A. = 00:11:06.558 ± 0.011, decl. = −12:06:27.50 ± 0.14, sur-
rounded by hints of extended structure, and emission coming from NGC 35 to the north.
Figure 2.8 provides a closer look at the nuclear and extra-nuclear continuum emission.
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Figure 2.5 Moment 0 map: total HI distribution of our combined observations. The blue
contours represent HI emission drawn at levels of (8, 28, 48, 68, 108) ×1019 atoms cm−2.
The size of the synthesized beam is shown in the bottom right hand corner. Top: HI of
NGC 34 and four companions overlaid on a Digitized Sky Survey image. Bottom: closer
look at the HI of the tidal tails overlaid on a deep image from SS07.
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Figure 2.6 Moment 1 map: color image of the velocity field showing the kinematics of the
tidal tails. The white cross indicates the position of the nucleus.
The top panel depicts the strong nuclear emission with contours drawn at levels of (2,
4, 6, 8, 10, 20, 40) mJy beam−1, overlaid on a deep image of SS07. The radio continuum
shows an unresolved point source of 62.4 ± 0.3 mJy coincident with the optical nucleus,
accompanied by a fainter point source 41′′ (17 kpc) to the south with no optical coun-
terpart. This fainter source of 5.1 ± 0.1 mJy is probably a background object, while the
stronger source is emission from the AGN or from the highly concentrated starburst in
NGC 34. We subtracted the point sources and made a tapered image to better map the
extra-nuclear emission. The bottom panel of Figure 2.8 is a false-color image of the diffuse
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Figure 2.7 Untapered image of the radio continuum showing nuclear and extra-nuclear
emission. Contours are drawn at levels of (0.2, 0.4, 0.6, 0.8, 1) mJy beam−1 and are shown
overlaid on a Digitized Sky Survey image. The size of the synthesized beam is shown in
the bottom right hand corner.
continuum, showing two faint radio lobes or bubbles. These structures extend 15.′7 (390
kpc) in projection, and have a total radio flux of 26.5± 3.0 mJy. We confirmed the validity
of these radio lobes with a D-array EVLA observation of 2 hr made on 2010 August 7.
2.4 Discussion
2.4.1 Location and Kinematics of the Neutral Gas
Our HI observations show a complicated picture of the location of the gas in NGC 34
as evidenced by the neutral hydrogen detected in emission and absorption. We detect
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Figure 2.8 Radio continuum images with the size of the synthesized beam shown in the
bottom right hand corner. Top: closer look at the central emission. Contours are drawn at
levels of (2, 4, 6, 8, 10, 20, 40) mJy beam−1 and are shown overlaid on a deep optical image
of SS07. Bottom: tapered image of the extended emission without the point sources. The
extent of the faint radio lobes is about 390 kpc.
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emission from the two tidal tails, indicating both progenitors were gas-rich. We expected
to detect hydrogen emission from the northern tail since there are OB associations and
ionized gas in it (SS07). The HI in the southern tail reveals that the less massive progenitor
had less gas than the northern tail. The position–velocity diagram (Figure 2.3) provides
an overview of the kinematics of the neutral gas. It shows that the gas seen in absorption
has a wider velocity range than the gas seen in emission along the northern tail and
southwestern gas. The optical outflow detected by SS07 shows an even wider velocity
range than the HI in absorption, but it is important to note that our observations did
not cover that full velocity range. The position–velocity diagram also shows smooth
velocity gradients along the northern tail and southwestern gas, indicating the hydrogen
is moving in regular patterns. As discussed earlier, the NW cloud may be a continuation
of the northern tail, which therefore might indicate that some of the gas in the tail is falling
back toward the nucleus and wraps around the remnant. This could be evidence for gas
settling into an outer ring, which would be consistent with the exponential young stellar
disk studied by SS07. Since it is believed that young disks form from the inside out, the
inner regions of the disk may already have formed stars (as evidenced by SS07), and the
NW cloud could be outer layers of gas settling. The neutral gas in both tails is noticeably
displaced when compared to the stars, indicating there might be a mechanism pushing
the gas aside.
Another goal of this study is to determine whether there is neutral hydrogen left in
the center, since this could fuel the starburst and/or the AGN. Our observations can place
a limit on the proximity of the neutral gas to the center of the remnant by comparing
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the two absorption profiles for the CnB array and DnC array (Figure 2.9). Due to the
fact that our beams are larger than the continuum source, the absorption profiles taken at
different resolution could be a combination of HI emission and absorption. If there were
HI emission throughout the central regions, we would have detected a deeper absorption
feature when observing with a higher resolution. As Figure 2.9 shows, the absorption
depth is nearly the same at the blueshifted velocity, and there is some emission centered
around the systemic velocity in the absorption profile of the DnC observations that is not
seen in the higher resolution data. This suggests that there is some emission within 18 kpc
at about the systemic velocity, with a peak of 1.5 mJy beam−1 at around 5700 km s−1 and
an approximate width of 400 km s−1. The peak of this emission corresponds to a column
density of 6.2 × 1019 cm−2. We can also estimate the central HI mass by summing the
differences between the two absorption profiles to get a flux density and using Equation
(1). We find 7.3 × 108M of HI in the inner 18 kpc of NGC 34. Hence, we see evidence
for HI emission at about the systemic velocity on scales larger than 6 kpc, but smaller
than 18 kpc. When making this point, however, it is important to recall that there are also
substantial quantities of molecular hydrogen in this remnant, whose spatial distribution
we do not know in detail. If the H2 is confined to the inner 18 kpc of the remnant and
there is 7.3 × 108M of HI , this would translate to a mass ratio of H2 to HI of 10:1. The
distribution of the gas in the center of NGC 34 might then be similar to that in NGC
7252 (Hibbard et al. 1994), where most of the HI is found in the outer regions, while the
molecular gas is confined to the center (Wang et al. 1992). This would imply that the HI has
been transformed into H2, providing fuel for star formation to take place. It is therefore
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Figure 2.9 Comparison of the absorption profiles observed with the two array configu-
rations (black: CnB array, red: DnC array). Notice that the depth of the two absorption
features near 5600 km s−1 and 6000 km s−1 is similar for the two arrays, while the CnB
profile shows significantly deeper absorption around 5800 km s−1. This indicates that the
DnC array may see emission centered near the systemic velocity.
important to map the molecular gas distribution within NGC 34 to better understand the
gas in different phases.
In addition to detecting HI in four companion galaxies, we also detect a hint of
emission between NGC 34 and its biggest companion NGC 35. This is best seen in our
DnC array observations at the systemic velocity (Figure 2.10). The amount of HI seen
between the two galaxies (excluding the material of the northern tail) corresponds to a
mass of about 2.5 × 108M. If this emission is real, it may suggest that the two galaxies
had a relatively close encounter in the recent past.
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Figure 2.10 Channel map of the DnC-array observations at the systemic velocity, overlaid
on a Digitized Sky Survey image. The contours are drawn at levels of (0.44, 0.66, 0.88, 1.10)
mJy beam−1. The size of the synthesized beam is shown in the bottom right hand corner.
This map shows a hint of emission between NGC 34 and NGC 35, possibly indicating a
relatively close encounter in the recent past.
2.4.2 Puzzling absorption
The broad blueshifted and redshifted absorption of the atomic gas in NGC 34 is a striking
signature that calls for an explanation. Detecting this absorption profile means that there
is hydrogen moving toward us and away from us along our line of sight to the nucleus.
We suggest two possible scenarios to explain this behavior, depending on whether the
HI gas has settled or not.
In the first scenario, the absorption may be explained in terms of the motions of the
tidal tails or of non-circular orbits of unsettled gas. We can examine the kinematics of the
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tidally extracted gas more closely by analyzing ionized-gas velocities measured at higher
spatial resolution along the northern tail from an optical spectrum obtained with the 6.5 m
Clay telescope at Las Campanas (F. Schweizer et al., in preparation). Figure 2.11 shows the
HI position–velocity diagram of Figure 2.3 overlaid with these ionized-gas velocities (data
points), measured also at a position angle of 38.◦4 and in steps of 1.′′13 along the 1.′′0 wide
slit. The northern tail contains ionized gas (SS07), which is clearly seen in this diagram
at both blueshifted and redshifted velocities relative to the nucleus. Except near the tip
of the optical northern tail, toward the center the ionized gas moves at negative relative
velocities, eventually reaching the systemic velocity and becoming redshifted southwest
of the nucleus. This suggests that the northern tail experiences a reversal in velocities,
approaches the central regions, and then wraps around the remnant. We could be seeing
the blueshifted and redshifted absorption as the HI passes in front of the strong continuum
source. This is consistent with the HI emission but does not fully explain the high-velocity
range we see in the absorption.
These high velocities suggest that there is HI moving at smaller distances from the
nucleus, thus motivating us to propose a second scenario. In this scenario, the gas may
have settled into a circumnuclear disk. Morganti et al. (2008) observe a similar absorption
profile in Centaurus A, where they detect a broad (400 km s−1) line asymmetric with
respect to the systemic velocity. The authors interpret this profile as evidence for a
circumnuclear gas disk since the distribution and kinematics of the molecular gas in that
galaxy resemble those of the neutral hydrogen. Circumnuclear disks often have a mix of
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Figure 2.11 Position–velocity diagram along the northern tail and through the gas south-
west of the nucleus (same as Figure 2.3), overlaid with ionized-gas velocities measured at
the same position angle from an optical spectrum (data points). The solid lines represent
HI emission, while the dashed ones show the HI absorption. The cross marks the central
declination and optical systemic velocity.
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NGC 34 to determine whether it coincides with the HI or not. We know from single-dish
observations by Chini et al. (1992) that the velocity width of the CO(1–0) line is about 500
km s−1, starting at approximately 5500 km s−1 and ending at 6000 km s−1, thus matching
our measured HI absorption-line width of 514 km s−1. We now need to know whether
the distribution of the molecular gas traces the HI absorption spatially and in velocity, so
follow-up observations are essential. If this were to be the case, we would have convincing
evidence for the presence of a circumnuclear disk.
2.4.3 Radio Continuum
We detect both nuclear and extra-nuclear radio-continuum emission in NGC 34. Previous
radio observations of NGC 34 have shown the nuclear component at different resolutions
(e.g., Lonsdale et al. 1993; Condon et al. 1998; Thean et al. 2000). Our observations show
an unresolved point source coincident with the optical nucleus. An upper limit for the
FWHM of the central point source is 6 kpc (15′′), which is the resolution of our CnB
observations. We see other point sources present in the radio continuum image (Figure
2.7) as well, but those are either associated with other galaxies (e.g., NGC 35) or with likely
background quasars.
The origin of the nuclear emission (62.4 mJy) in NGC 34 can be further explored by
examining the higher-resolution data available in the literature. NGC 34 yielded only a
single baseline detection when observed with VLBI (Lonsdale et al. 1993), showing that
the nucleus of this remnant is barely detectable on VLBI scales. This suggests that the
nuclear radio-continuum emission is extended and mostly due to the highly concentrated
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starburst. Observations by Thean et al. (2000) with the VLA A array at 8.4-GHz show a
slightly resolved source of 14.5 mJy and 149 pc (0.′′4) in size. Once more, this suggests that
the radio-continuum emission is mostly due to the starburst. As an additional check, we
calculate the SFR from the radio luminosity and compare it to the SFR determined from
the IR luminosity. We use the following relation derived by Afonso et al. (2003):
SFR1.4GHz =
L1.4GHz
8.4 × 1020 W Hz−1
M yr−1 (2.4)
We get a value of 64 M yr−1, which is consistent with the SFR derived from IR
luminosities (see Section 2.1).
The extra-nuclear radio-continuum emission is very faint and is in the shape of two
radio lobes (Figure 2.8, bottom panel). We propose two possible explanations for this
extra-nuclear emission. First, we could be seeing fossil lobes created by an AGN that
has turned off. This would fit in nicely with what we know about this merger remnant,
since we know it has a weak AGN, there is not a lot of atomic gas left in its inner regions,
and the gas in the tails is displaced from the optical in the direction of the radio lobes.
Fossil lobes could be showing that the AGN was once much more powerful and efficient
at clearing out the gas, but that it now has turned off and we detect only a weak signature
of the process.
A second possibility is that this could be evidence for a starburst-driven superwind.
A study of extra-nuclear diffuse emission in Seyfert galaxies was made by Baum et al.
(1993). The emission they examined is often very similar to the one seen in NGC 34,
two faint radio lobes or bubbles along the minor axis of the host galaxy. They concluded
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that this is likely evidence for a starburst-driven superwind and not an AGN, since the
emission does not align with the major axis of the nuclear radio emission, suggesting the
emission mechanism has to be different. This would also agree with the properties of NGC
34, since we know there is a strong outflow of cool gas (SS07). Further optical studies
of NGC 34 will be necessary to map the extent of this outflow. If the outflow were to
track the radio emission, there would be a stronger case for a starburst-driven superwind
having created the lobes. What is the effect of a superwind on this remnant? A possible
outcome is suggested by the fact that the HI in the northern tail is displaced to the east
when compared to the stars. Superwinds might play an important role in dispersing the
gas of wet merger remnants.
2.5 Summary and Conclusions
Our HI and radio-continuum observations offer insight into the merging history and
evolution of NGC 34. Figure 2.12 compares the extent of the neutral-hydrogen and radio-
continuum emissions. The HI observations show that NGC 34 has a substantial quantity
of gas left and seems unlikely to become an elliptical. The fact that this remnant hosts both
a starburst and an AGN complicates our understanding of the gas, since it is difficult to
disentangle the feedback of the two on the gas. Our data have revealed important aspects
related to the radio properties of this remnant:
• We detect neutral hydrogen with smooth velocity gradients in both tails, showing
the two progenitors were gas-rich. The velocity information will be used to constrain
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future simulations of the merger remnant to be done with Identikit (Barnes & Hibbard
2009). These simulations may enable us to understand the history and evolution
of the remnant, and to determine the mass ratio between the two progenitors more
accurately.
• We detect the NW cloud in HI as well, but do not see any sharp distinction between
this feature and the northern tail, suggesting that both may be part of the same
structure. This could be evidence for a new outer gas ring/disk that is beginning to
form.
• We detect HI emission from four companion galaxies, showing that NGC 34 is part
of a gas-rich group and that it might have interacted with NGC 35.
• Comparing the HI absorption profiles of observations made with the two array
configurations (CnB and DnC) allows us to set limits on the emission near the center
of the remnant. We see evidence for HI emission at the systemic velocity only on
scales larger than 6 kpc and smaller than 18 kpc.
• The blueshifted and redshifted HI absorption could be evidence of a circumnuclear
disk of neutral and molecular gas, or—alternatively—could be related to the tidal
tails. Understanding the nature of this absorption should eventually enable us to
determine whether the inner gas has settled or not. For this, we are planning to map
the molecular-hydrogen distribution with CO observations to determine whether
there is a circumnuclear gas disk in NGC 34.
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Figure 2.12 HI and radio-continuum observations overlaid on a Digitized Sky Survey image.
Blue contours represent the HI emission, while yellow contours represent HI absorption.
Purple contours mark regions of radio-continuum emission (same parameters as Figure
2.8b). Even though the resolutions are different, this figure serves to compare the spatial
extent of the HI and radio-continuum.
• The nuclear radio-continuum emission is mostly extended, indicating that it is dom-
inated by the central starburst.
• Diffuse, very extended radio-continuum emission in the form of two radio lobes
could be evidence for an AGN having recently turned off or for a starburst-driven
superwind.
These various aspects lead us to conclude that NGC 34 is a complicated system where
we see the effects of both the starburst and the AGN on the gas. We see evidence for some
of the gas settling into a circumnuclear disk and an outer disk. We also detect a significant
displacement of the gas in both tidal tails, but we do not see direct evidence of depletion.
We can estimate a lower limit for how long it will take NGC 34 to run out of gas. If we
assume there is (1) a mechanism by which all of the atomic gas returns to the center, (2)
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a constant star formation rate of 70 M yr−1, and (3) a combined molecular and neutral
hydrogen mass of 1.4×1010 M, then it would take the remnant approximately 200 Myr to
convert all of its gas into stars. In reality, it may well take significantly longer since most
of the HI is in the tidal tails and the star formation rate is likely to decrease with time.
This research has made use of the NASA/IPAC Extragalactic Database (NED), which
is operated by the Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration. We also acknowl-
edge the use of the HyperLeda database (http://www.leda.univ-lyon1.fr). X.F. gratefully
acknowledges the support of the Columbia University Bridge to Ph.D. Program in the
Natural Sciences. This work was supported in part by the National Science Foundation
under grant 06-07643 to Columbia University.
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Chapter 3
Discovery of a Small Central Disk of CO
and HI in the Merger Remnant NGC 341
3.1 Introduction
Gas-rich mergers are key to understanding the hierarchical growth and evolution of
galaxies (White & Rees 1978). Much progress has been made to understand the overall
role of mergers in the formation of early-type galaxies, and it is now accepted that many are
a product of gas-rich mergers (e.g., Schweizer 1998). There are still some uncertainties on
how exactly the transformation takes place, especially how a gas-rich system ultimately
rids itself of gas. These details are what possibly dictate whether the merger remnant
becomes an elliptical or whether a new disk forms, as seen in some observations and
1This section is a reformatted version of an article by the same name by Ximena Fernández, A.O. Petric,
François Schweizer and J.H. van Gorkom, that can be found in The Astronomical Journal, Volume 147, Issue
4, article id. 74, 6 pp. (2014). The abstract for this paper is reproduced in Section 1.4.1.2.
57
simulations of gas-rich mergers (Schiminovich et al. 2013; Barnes 2002). The possible
presence of a starburst or active galactic nucleus (AGN) further complicates the picture.
While gas can fuel both starbursts and AGNs, these phenomena may cause outflows and
remove the gas from the inner parts. It is thus important to study the gas in the central
regions of mergers in its molecular and atomic phases to help predict the ultimate fate of
the system.
NGC 34 (= NGC 17 = Mrk 938) is an ideal candidate for studying these processes,
since it is gas-rich and hosts both a starburst and an AGN. Throughout the paper, we
adopt a distance of 85.2 Mpc, derived for H0 = 70 km s−1 Mpc−1 by Schweizer & Seitzer
(2007, hereafter SS07). The infrared luminosity of this object is log(LIR/L) = 11.61 (Chini
et al. 1992), placing it in mid-range of the classically defined Luminous Infrared Galaxies
(LIRGs; 11.0 < log LIR/L < 12.0; Soifer et al. (1987)). In general, high IR luminosities
are due to dust grains being heated by a combination of a starburst and AGN, with
higher values indicating a greater AGN contribution (Sanders & Mirabel 1996). The IR
luminosity of NGC 34 suggests that the starburst is the dominant phenomenon in the
center, with a minor AGN component (Gonçalves et al. 1999; Prouton et al. 2004). This has
been confirmed by a detailed study of NGC 34’s IR spectrum performed by Esquej et al.
(2012), where the AGN bolometric contribution to the total IR luminosity is estimated to
be 2+2
−1%. In addition, the IR images show that the starburst takes place in the inner 0.5− 2
kpc of the merger remnant. These authors find, however, that the presence of an AGN is
needed to explain the hard X-ray luminosity.
An optical study by SS07 showed that NGC 34 is the likely product of an unequal-
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mass merger, with a rich system of young globular clusters. Deep optical images show
two long tidal tails and structures such as ripples, jets, and shells, all typical of merger
remnants (Schweizer 1998). In addition to this, the surface-brightness profiles in B, V, and
I indicate the presence of a blue exponential stellar disk with a scale length of a = 3.3 kpc,
possibly formed from gas falling back into the merger remnant. The optical spectrum
features a blueshifted Na I D doublet in absorption, indicative of a mean gas outflow
velocity of −620 ± 60 km s−1 and a maximum velocity of −1050 ± 30 km s−1.
Earlier, we performed a first imaging study of the HI and radio continuum to better
understand the fate of cold gas during the merger (Fernández et al. 2010, hereafter Radio
I). We detected 7.2 × 109 M of HI gas, which is mostly distributed along the tails, and
saw evidence for gas settling onto the blue exponential disk found by SS07. The most
puzzling part of our study was the detection of a strong HI absorption feature of ∼ 500 km
s−1 width at the systemic velocity, covering both blueshifted and redshifted velocities and
seen against the strong unresolved central continuum source of 62.4 mJy. We presented
two possible scenarios to explain the puzzling absorption: either we were probing an
HI disk in absorption against an extended continuum source so that we saw both the
blueshifted and redshifted parts in absorption, or we were seeing gas associated with the
tidal tails in projection against the continuum.
In this follow-up radio study, we present new CO imaging and HI absorption obser-
vations obtained at higher angular resolution and with a wider velocity coverage. We
seek to determine which of the above two scenarios explains the puzzling absorption
better by comparing the distribution and kinematics of the CO to the HI absorption data.
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In addition, the new continuum observations at mm wavelengths allow us to probe the
spectral index at high frequencies. Lastly, both sets of new observations have a much
wider velocity coverage, enabling us to search for an atomic or molecular counterpart to
the outflow seen optically.
The structure of the paper is as follows. We summarize the observations and data
reduction in Section 3.2, present our results in Section 3.3, discuss what we have learned
from these observations in Section 3.4, and put forth our conclusions in Section 3.5.
3.2 Observations and Data Reduction
3.2.1 CARMA Observations
NGC 34 was observed in the CO J = 1 − 0 transition at 115.2712 GHz with the Combined
Array for Research in Millimeter-wave Astronomy (CARMA) in 2011 May. The obser-
vations were performed in two configurations: in D array for 4.1 hr on source and in C
array for 5.8 hr. The spacings for these two arrays are 11 − 150m and 30 − 350m, respec-
tively. The primary flux calibrator was Uranus, and 3C454.3 was used as the passband
calibrator. Both sets of observations used a 1 GHz bandwidth centered at 113.11 GHz,
corresponding to the central frequency of the single-dish observations. This translates to
a heliocentric velocity of 5731 km s−1, using the optical definition. This setup results in a
velocity coverage of 2980 km s−1, starting at 4238 km s−1 and ending at 7218 km s−1, with
150 channels with a velocity resolution of 20 km s−1.
The data were reduced with the software package Multichannel Image Reconstruc-
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Table 3.1. Observation Parameters
CO(1–0)a HI b
Flux calibrator Uranus 3C48
Phase calibrator 3C454.3 J2357-1125
Number of channels 150 256
Bandwidth (MHz) 1000 32
Synthesized beam 2.′′48 × 2.′′14 8.′′31 × 4.′′46
Field of view 1 − 1.′7 32′
Velocity coverage 3000 7000
(km s−1)




Column density sensitivityc 1.1 × 1020(H2) 1.7 × 1020
(cm−2 chan−1)
aObserved in 2011 May
bObserved in 2011 April
cIn emission
tion Image Analysis and Display (MIRIAD) using standard calibration procedures for each
configuration (Sault et al. 1995). For each band, we flagged the first and last two channels
due to poor sensitivity at the edge of the band. The phase stability was inspected and
poor data were flagged for each track. The C and D array calibrated visibilities were then
combined and the continuum was estimated from 696 (unsmoothed) signal free channels.
The deconvolution task uses a Steer CLEAN algorithm (Steer et al. 1984), and we selected
natural weighting (robustness parameter set to 2) to maximize the sensitivity to broad,
faint structures. The final combined data cube has a synthesized beam of 2.′′48× 2.′′14 (∼ 1
kpc) at FWHM and a noise of 8.4 mJy beam−1.
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3.2.2 VLA Observations
NGC 34 was observed with the Karl G. Jansky Very Large Array (VLA)2 in 2011 April in
the B array configuration (spacings of 0.21−11.1km) during two runs for a total observing
time of 7 hr. The observations used a 32 MHz bandwidth centered at the heliocentric
velocity of 5870 km s−1, with a total of 256 channels with a resolution of 27 km s−1. This
results in a velocity coverage of 7000 km s−1, from 2426 km s−1 to 9421 km s−1.
Each run was reduced with the Astronomical Imaging Processing System (AIPS)
using standard calibration procedures. The data were combined in the uv plane, and then
several iterations of self-calibration were performed to correct for amplitude and phase
errors. We first made a continuum image by averaging 80 line-free channels, using a
robustness parameter of 1 and setting CLEAN boxes around the point source. This image
served as the initial input model for the first run of phase self-calibration. After each run,
we made a new input model by imaging the continuum and applying the new solutions
for subsequent self-calibration runs. After three runs of phase self-calibration and one of
amplitude, we achieved a dynamic range of about 760:1 and an rms sensitivity of 0.07 mJy
beam−1. We then applied the solutions to the whole data set, and subtracted the continuum
in the uv plane by making a linear fit through the line-free channels. The HI cube was made
using a robustness parameter of 1, and cleaning the channels containing HI absorption.
The resulting images have an rms noise of 0.2 mJy beam−1 and a synthesized beam of
8.′′31 × 4.′′46 (∼ 3.5 × 2 kpc).
Table 3.1 summarizes all parameters used for the CARMA and VLA observations.
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated












Figure 3.1 Maps of the distribution and kinematics of the CO disk found in NGC 34. (a)
CO emission as compared to the optical and HI emission; the cyan contours show the CO
emission, and the HI contours (in blue; from Radio I) are drawn in levels of (8, 28, 48, 68,
108)×1019 cm−2 overlaid on an optical image from SS07. (b) CO distribution map (moment
0) contours drawn starting at 5% of the peak, in intervals of 10%. (c) The spectrum of the
CO emission was obtained by setting a box around the emission showing how much CO
there is in a given velocity bin. (d) Velocity map (moment 1) overlaid with isovelocity
contours drawn in intervals of 50 km s−1. (e) Position–velocity diagram along the major
axis of the optical disk (PA −9◦; SS07). Note that the full range of velocities is not shown in
these maps; we limit them to show a better contrast or to zoom-in in a region of interest.
3.3 Results
3.3.1 A Central Disk of CO
The CO observations reveal a disk of molecular gas in the central regions of the remnant.
Figure 3.1 is composed of various panels showing the gas distribution and kinematics.
This CO disk lies at the center of NGC 34 and is much smaller than the optical disk (Figure
3.1(a)). It shows a regular rotation pattern as seen in Figures 3.1(d) and 3.1(e). There are
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hints of extended emission toward the northwest, northeast, and south (Figure 3.1(b)).
We estimate a diameter of 2.1 kpc by measuring the extent of the emission enclosed by
the second lowest density contour, which corresponds to 4.31 Jy km s−1 beam−1.
We calculate the CO luminosity with the following equation (Solomon et al. 1997):




where Sdv is the integrated CO flux in units of Jy km s−1, νobs is the observed frequency in
GHz, and DL is the luminosity distance in Mpc. We compute the CO flux using channel
maps and get a value of 151.9 ± 11.3 Jy km s−1, which results in a CO luminosity of
(2.6 ± 0.2) × 109 K km s−1 pc2. We multiply this value by αCO to get a molecular hydrogen
mass in solar masses (M). Here we useα = 0.8, which is the standard conversion factor for
starbursting systems (Downes & Solomon 1998), and get an H2 mass of 2.1± 0.2× 109 M.
Single-dish CO(1–0) data (Kandalyan 2003; Chini et al. 1992; Krügel et al. 1990) yield
a flux of 170 ± 12 Jy km s−1, which is 12% higher than what we detect. This is a marginal
difference, but—if significant—it might indicate that our observations miss an extended
component of the CO disk. This component is hinted at by the weak extensions seen in
Figure 3.1(b), suggesting that observing with shorter spacings could have detected this
more extended gas.
As seen in the spectrum of Figure 3.1(c), the CO emission spans close to 500 km
s−1. The intensity-weighted velocity field (Figure 3.1(d)) and the position-velocity (PV)
diagram (Figure 3.1(e)) along the major axis of the optical disk (PA −9◦; SS07) show
that the kinematics are consistent with rotation, with the north side of the disk receding,
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and the south side approaching. The extended emission features mentioned above have
velocities consistent with the gas in the main body of the disk, suggesting they are real and
possibly part of a fainter component not detected in our observations. The PV diagram
demonstrates that the rotation curve rises very steeply, reaching peak velocities within 1′′
from the center, and showing a slight decrease toward the edges.
3.3.2 High Resolution HI Absorption
Our new VLA B array observations probe the previously known HI absorption feature
(Radio I) with a wider velocity coverage and at higher resolution. Figure 3.2 consists
of three panels showing these observations, including a comparison to the absorption
profiles presented in Radio I, and to the CO observations in emission presented in Section
3.3.1. The top panel represents the HI absorption feature seen against the peak of the
continuum emission and showing the full velocity coverage of 2426–9421 km s−1, with no
hint of absorption seen at the outflow velocity (∼5000 km s−1) detected by SS07 (see the
next section).
The second panel compares these higher resolution (2 kpc) data to the previous
HI observations in the DnC (18 kpc) and CnB (6 kpc) configurations. Note that the depth
of absorption is similar in the three configurations at the extreme velocities around 5600
km s−1 and 6000 km s−1, but is very different near the systemic velocity of 5870 km s−1.
A deep feature is seen in the B array at this velocity, which is shallower in C and nearly
absent at some velocities in D. We can interpret this as follows: Since the continuum source
is unresolved in the B array, we see a combination of absorption against the continuum
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Figure 3.2 HI absorption at higher resolution and wider velocity coverage. Top: B array
observations showing the HI absorption at both blueshifted and redshifted velocities.
Middle: comparison of the absorption profile observed at three different resolutions
(DnC: 18 kpc, CnB: 6 kpc, and B: 2 kpc). Bottom: comparison of the HI absorption profile
with the CO emission spectrum. The y-axes are different for the two, but are shown in the
same plot to compare the velocities.
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source plus emission further out within the central beam in the C and D arrays. We can
estimate how much emission there is on different scales by looking at the difference in
the absorption profiles. We do this by summing the difference between the two profiles
at different resolutions for each velocity bin to get a flux. As shown in Radio I, there is
7.3×108 M of HI in emission between the inner 6 and 18 kpc of the remnant. Now we can
determine how much HI in emission there is between the inner 2 and 6 kpc by comparing
the CnB and the B array data. We calculate an HI mass of 2.5 × 108 M in the velocity
interval 5700− 6000 km s−1. Since the two data sets have different velocity resolutions, we
created velocity bins of 50 km s−1 and then averaged the values that were in a given bin.
The bottom panel compares the range of velocities seen in the HI absorption and the
CO emission. The plot shows that the velocity ranges for the emission and the absorption
are almost identical. The range covered for the HI absorption profile is 466 ± 27 km s−1
and for the CO profile is 460± 20 km s−1, as measured at the profile base. This remarkable
agreement in velocity range makes it plausible that the HI and CO emissions arise from
the same central gas disk, imaged in CO at 2.′′48 × 2.′′14 resolution (Figs. 3.1b and 3.1d).
In addition, it implies that the HI is intermixed with the molecular gas and that it also
reaches maximum velocities within ∼ 1′′ (0.4 kpc) from the center.
3.3.3 Molecular and Atomic Gas Outflow
We can use the current observations to search for a counterpart in HI and/or CO(1–0) to
the outflow detected by SS07 in the Na I D doublet. We do not detect the outflow in either
line, but can place upper limits. We calculate the noise near the central regions of NGC 34
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and around ∼5000 km s−1, consistent with the velocities of the optical outflow. We use the
following equation to get a mass outflow rate upper limit (Heckman et al. 2000; Rupke




















where Ω is the solid angle subtended by the outflow, C f is the line-of-sight covering
fraction, r∗ is the size of the region from where the outflow is produced, N(H) is the
column density, and ∆v is the velocity of the outflow. For the first three quantities, we
assume Ω = 4π, C f = 0.5, and r∗= 1 kpc, which are values consistent with outflows seen
in LIRGs (Rupke et al. 2002). For the absorption, we calculate the HI column density
assuming 5σ and get 4.2 × 1020 cm−2 (assuming Ts = 100 K). Lastly, we take ∆v = 620 km
s−1, which is the mean velocity of the outflow detected by SS07. The resulting upper limit
for the mass outflow rate is 14 M yr−1 in absorption. Using the same values, but now
calculating N(HI ) in emission, the upper limit is about 130 M yr−1. This large number is
a consequence of the poor surface brightness sensitivity in the B array.
From the CO emission, we can calculate an upper limit for the outflow rate by dividing
the molecular mass by the dynamical timescale (e.g., Alatalo et al. 2011). We compute an
upper limit for the molecular-gas mass using 5σ and the velocity of the optical outflow,
resulting in 6.2× 107 M. We can estimate the dynamical time by assuming a size of 1 kpc
for the wind emitting region and the optical velocity, which results in a timescale of only












Figure 3.3 Flux measurements at different frequencies, with the first four measurements
taken from Clemens et al. (2008) and the measurement at 113 GHz showing the new obser-
vations presented here. The line marks the least-squares fit to the first four measurements
(slope of −0.8), but is extended to demonstrate that the spectral index changes at higher
frequencies.
3.3.4 Central continuum
This study includes new continuum images of the central components of the merger
remnant. The VLA B array observations show a slightly resolved point source with a flux
of 60.6 ± 2.0 mJy, consistent with the measurement presented in Radio I.
The CARMA observations reveal a faint central continuum source at millimeter
wavelengths with a flux of 5.4±1.8 mJy. This measurement allows us to probe the spectral
index at high frequencies. At low frequencies (1− 10 GHz), the spectrum for star-forming
galaxies is usually dominated by synchrotron radiation, with typical values of α = −0.8.
At higher frequencies (10−200 GHz), free-free emission starts to dominate and the spectral
index is α = −0.1. Dust emission takes over at frequencies above 200 MHz with α = 1.5
(Condon 1992).
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Figure 3.3 shows the radio spectrum for NGC 34 between 1.4 GHz and 113.11 GHz.
The first four values in the range of 1.4− 22.5 GHz were reported by Clemens et al. (2008),
and the one at 113.11 GHz is the measurement presented here. We fit a line through the
first four measurements and extend it to 113.11 GHz to better show that the spectrum
flattens at higher frequencies. The fit of the line yields a slope of −0.8, indicating that
the emission at these frequencies is due to synchrotron radiation. The spectral index
between 22.5 GHz and 113.11 GHz is α = −0.20 ± 0.07. The flattening of the spectrum at
higher frequencies shows that synchrotron emission is no longer dominant, and free-free
emission from HII regions takes over.
3.4 Discussion
3.4.1 The Gaseous Disk in the Inner Regions of the Remnant
Our CO observations confirm the presence of a disk in the inner regions of the remnant,
which was one of the two scenarios suggested in Radio I to explain the HI absorption
observations. The match in velocity for both sets of observations (Figure 3.2) strongly
suggests that the central HI absorption is due to the presence of a rotating disk. As
shown in the PV diagram of Figure 3.1(e), the maximum velocities are reached within
only 1′′ (0.4 kpc) from the center. The close match in velocity between the molecular gas
and HI absorption argues that the absorbing gas also reaches maximum velocities within
0.4 kpc from the center. This is consistent with higher resolution continuum images by
Condon et al. (1991) that resolve the central source and show it to be a dominant central
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component with an extension to the south, with a total size of 2.′′5 (1 kpc). This extended
continuum makes it possible to trace out the HI absorption to its maximum velocity at 1′′
from the center.
The question now is whether any of the continuum emission could be due to the
AGN. Several recent studies have calculated the AGN contribution to be small (1 − 10%)
in NGC 34 (e.g., Vega et al. 2008; Esquej et al. 2012; Murphy 2013). In addition to this, VLBI
observations report a single-baseline detection (Lonsdale et al. 1993), which suggests that
this merger remnant does not host a strong point source due to the AGN, and its continuum
is likely dominated by the starburst.
3.4.2 The Fate of Gas in the Merger
The optical study by SS07 and the radio observations presented here and in Radio I have
shown different components of the new disk formed after the merger. SS07 find a blue
stellar disk, with a spiral structure extending out to a radius of ∼3.3 kpc, that seems to
have formed ∼400 Myr ago and is embedded in a red spheroid. In Radio I, we found that
the HI from the northern tidal tail is falling back and continuing to feed the outer regions
of this optical disk, favoring the idea of inside-out growth. On smaller scales, we have
shown in this study that there is a central disk of CO and HI of about 2.1 kpc in diameter.
In addition, we find evidence for more extended HI emission further out as shown by the
comparison of the absorption profiles at different resolutions.
Observations and simulations of mergers suggest that about 50% of the gas gets
quickly moved to the central regions, losing its angular momentum due to cloud-cloud
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collisions, while the other 50% gets moved to large distances from the center, but remains
bound and will eventually fall back (Hibbard & Mihos 1995; Hibbard & van Gorkom
1996; Barnes 2002). In NGC 34 we see evidence for both processes, and currently there
are comparable amounts of cold gas in the tidal tails and the center. We know the blue
stellar disk formed ∼400 Myr ago from gas settling toward the center during the merger.
The central gaseous disk presented here could have formed during the merger or more
recently from fall-back material. The major axes of the gaseous disk and the blue stellar
disk have almost identical position angles, indicating that the two disks either have the
same formation mechanism or are dynamically linked. The current star formation rate
(SFR) in the inner 2 kpc calculated by Esquej et al. (2012) from the 24µ luminosity is 42
M yr−1, which implies a consumption timescale of ∼ 50 Myr for the molecular hydrogen
presented here. This indicates that the gas in the central disk must be continuously
replenished to sustain the current SFR.
Lastly, both sets of observations have enough velocity coverage to permit searching
for a possible radio counterpart to the outflow seen optically in Na I D absorption by SS07.
However, we do not find any evidence for such a counterpart in the atomic- or molecular-
gas phase. We are able to place approximate upper limits on the HI mass outflow rate in
both emission and absorption, and for the CO in emission.
3.5 Summary and Conclusions
We have presented new high resolution HI and CO observations to study the central
regions of the merger remnant NGC 34. Our main findings are as follows:
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• We detect a rotating CO disk of 2.1 kpc in diameter with a molecular-hydrogen mass
of (2.1 ± 0.2) × 109 M.
• The velocity width of the CO(1–0) emitting gas matches the HI absorption width,
indicating that the broad HI absorption is due to the central gas disk and is co-spatial
with the CO.
• The new B array observations of the HI absorption feature allow us to calculate that
there is 2.5 × 108 M of HI in the annular region of 1 − 3 kpc from the center.
• We do not detect a molecular- or atomic-gas outflow, but place upper limits on the
mass outflow rates for HI in emission and absorption, and for CO in emission.
• We have obtained new continuum images of the central source at 1.4 GHz and 113
GHz. We find that the spectrum flattens at the highest frequencies to a spectral index
of α = −0.20 ± 0.07. This indicates that the radio continuum at those frequencies is
due to free–free emission from the central starburst.
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Chapter 4
The Origin and Distribution of Cold Gas
in the Halo of a Milky Way Mass Galaxy1
4.1 Introduction
Determining how galaxies accrete their baryons is of crucial importance to understand
how galaxies grow and evolve. The Milky Way has had a nearly constant star formation
rate (SFR) over the past 5–7 billions of years (Binney et al. 2000), implying there must be a
continuous replenishment of gas. In addition to this, the metallicity distribution of stars
in the Galaxy would be better explained if there is a fresh supply of gas (e.g., Larson 1972;
Chiappini et al. 2001). This ongoing accretion is in contradiction with the classical models
of galaxy formation where all of the gas is shock heated to the virial temperature and
1This section is a reformatted version of an article by the same name by Ximena Fernández, M. Ryan
Joung and Mary E. Putman, that can be found in The Astrophysical Journal, Volume 749, Issue 2, article id.
181, 12 pp. (2012). The abstract for this paper is reproduced in Section 1.4.2.1.
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monolithically collapses within a cooling radius (e.g., White & Rees 1978; White & Frenk
1991).
Both simulations and observations provide evidence for gradual accretion from the
baryonic halo onto the disk of galaxies. Hydrodynamic simulations have shown that
galaxies can accrete gas directly from the intergalactic medium (IGM). In low-mass galaxies
(Mgal . 1010.3 M) at high redshifts, most of the gas never shock heats to the virial
temperature and is delivered to galaxies through filaments in a cold mode (e.g., Kereš et al.
2005). For high-mass galaxies at low redshift, cold mode accretion is no longer dominant
since filaments get disrupted and are not able to reach the disk. Kereš & Hernquist (2009,
hereafter KH09) show in their smoothed particle hydrodynamics simulation of a Milky
Way mass galaxy that the gas from these disrupted filaments is still able to reach the galaxy.
The filaments trigger instabilities in the halo, which lead to the formation of clouds. Cold
gas in the halo is also seen in other simulations, where cooling instabilities in the hot halo
condense out into warm clouds (Kaufmann et al. 2006; Sommer-Larsen 2006). This idea
has been challenged by recent analytic calculations showing that clouds will not develop
from thermal instabilities (Binney et al. 2009). Instead, nonlinear perturbations, such as
those seeded by filamentary flows, could lead to the formation of clouds (Joung et al.
2012a). These clouds might reach the disk of the galaxy and provide continuous fuel for
star formation.
There is robust observational evidence for the presence of cold gas in the baryonic
halo of spiral galaxies. In our own Galaxy, there is a population of high-velocity clouds
(HVCs) that reside outside of the disk, whose kinematics indicate a net infall. These were
78
first detected in neutral hydrogen (HI ) by Muller et al. (1963), and since then Galactic
HI surveys have provided detailed maps of the distribution of the HVC population (e.g.,
Putman et al. 2002; Peek et al. 2011), and distance constraints have placed the clouds within
the Galactic halo (Putman et al. 2003; Thom et al. 2006; Wakker et al. 2008). HI observations
of nearby spirals have revealed analogs to these HVCs (see Sancisi et al. 2008, for a review).
The extraplanar gas in M31 has been extensively studied since it is a nearby large spiral
(e.g., Thilker et al. 2004; Westmeier et al. 2008), and new deep HI surveys are being carried
out to detect this low-density gas in a larger sample of galaxies (e.g., Heald et al. 2011). In
addition to HI observations, absorption-line studies have revealed the presence of lower
density gas in the halos of galaxies at low and intermediate redshifts (e.g., Wakker &
Savage 2009; Chen et al. 2010).
There are different scenarios that could explain the origin of the observed cold gas
in galaxy halos. These scenarios can generally be divided into two groups: (1) satellite
material and (2) cooling overdensities within the hot halo. In the first scenario, some of the
gas is likely to be a consequence of the interaction of satellites with the hot halo. Studies
of this show that satellites lose their gas due to ram pressure stripping, and some of this
stripped gas may resemble cold halo gas features (Mayer et al. 2006; Grcevich & Putman
2009; Nichols & Bland-Hawthorn 2011). In the second scenario, the cooling over-densities
could originate from filamentary flows or galactic fountains. Filamentary material has
been seen in simulations by KH09, where they find that the clouds are created via cooling
and Rayleigh–Taylor instabilities caused by cold flows generating density inversions in the
hot medium. As an alternative, some of the cooling gas in the halo might have originated
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from the disk itself via supernovae outflows (Shapiro & Field 1976; Bregman 1980). This,
however, could only account for some of the cold gas since many HVCs are found at large
distances with low (0.1–0.3 Z) metallicities (e.g., Wakker 2001).
In this paper, we analyze an adaptive mesh refinement (AMR) hydrodynamic cosmo-
logical simulation of a Milky Way sized galaxy to understand how spiral galaxies get their
gas. We mostly study HI because of the large amount of observational data available on
the spatial distribution and kinematics of this gas component. We focus on stripped gas
and filamentary flows as possible origins of the cold halo gas. Throughout our discussion,
we use the expressions “filamentary flows” and “cold flows” interchangeably to describe
filamentary gas in the halo that has never been shock heated to the virial temperature.
The structure of the paper is as follows. The simulation we analyze is described in
detail in Section 4.2. In Section 4.3, we present our findings, which includes the properties
of the cold gas around the simulated galaxy at z = 0, a calculation of the HI mass accretion
rate, and an investigation of the origin of the gas. We then compare the simulation
with observations of M31 and other galaxies in Section 4.4, and examine the HI covering
fraction. We discuss the implications of our results in Section 4.5 and conclude in Section
4.6.
4.2 Simulation
We analyze a cosmological simulation (Joung et al. 2012b) performed with Enzo, an Eu-
lerian hydrodynamics code with AMR capability (Bryan 1999; Norman & Bryan 1999;
O’Shea et al. 2004). It solves the Euler equations using the piecewise-parabolic method
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(PPM; Colella & Woodward 1984) or the hydro solver used in Zeus (Stone & Norman 1992)
to handle compressible flows with shocks; the latter was used primarily for numerical
stability.
First, a low-resolution simulation was run with a periodic box of L = 25 h−1 Mpc
comoving on a side with cosmological parameters consistent with WMAP5 ((Ωm, ΩΛ, Ωb,
h, σ8, ns) = (0.279, 0.721, 0.046, 0.70, 0.82, 0.96); Komatsu et al. 2009). Local Group-like
volumes were identified based on the halo mass (mass range 1–2 × 1012 M), the mean
density (0.60–1.0 times the mean density of the universe), and the relatively low velocity
dispersion of the halos (< 200 km s−1) identified within 5 h−1 Mpc of a given galaxy.
Four halos met such criteria. A resimulation for one of the four halos was done using
the multimass initialization technique (Katz et al. 1994; Navarro & White 1994) with four
nested levels (five including the root grid), achieving mDM = 1.7 × 105 M, within a (∼5 −1
Mpc)3 subvolume. The selected galaxy has a halo mass of 1.4 × 1012 M at z = 0 and so
contains over 8.2 million dark matter particles within the virial radius. With a maximum
of 10 levels of refinement, the maximum spatial resolution stays at 136–272 pc comoving
or better at all times.
The simulation includes metallicity-dependent cooling (Cen et al. 1995) extended
down to 10 K (Dalgarno & McCray 1972), metagalactic UV background (Haardt & Madau
1996), shielding of UV radiation by neutral hydrogen (Cen et al. 2005), and a diffuse form
of photoelectric heating (Abbott 1982; Joung & Mac Low 2006). The code simultaneously
solves a complex chemical network involving multiple species (e.g., HI , HII , H2, He I , He
II , He III , e−; Zhang et al. 1995) and metal densities explicitly.
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Star formation and stellar feedback, with a minimum initial star particle mass of
m∗ = 1.0 × 105 M, are also included. Star particles are created in cells that have ρ > ρSF,
where ρSF = 7×10−26 cm−3 (Navarro & White 1993; Naab et al. 2007) and that do not satisfy
the Truelove criterion for stability (Truelove et al. 1997). The star formation efficiency,
defined as the fraction of gaseous mass converted to stars per dynamical time, is 0.03. Each
star particle is tagged with its mass, creation time, metallicity, and a unique identification
number. The metal enrichment inside galaxies and in the IGM is followed self-consistently.
Supernovae feedback is modeled following Cen et al. (2005) with eSN = 10−5. Feedback
energy and ejected metals are distributed into 27 local cells centered at the star particle
in question, weighted by specific volume of the cell. The temporal release of metal-
enriched gas and thermal energy at time t has the following form: f (t, ti, tdyn) = (1/tdyn)[(t−
ti)/tdyn] exp[−(t− ti)/tdyn], where ti is the formation time of a given star particle. The metal
enrichment inside galaxies and in the IGM is followed self-consistently in a spatially
resolved fashion. We identify virialized objects in our high-resolution simulation using
the HOP algorithm (Eisenstein & Hut 1998).
4.3 Results and Analysis
4.3.1 Properties of the Simulation at z = 0
We first study the HI distribution and kinematics at z = 0 viewed from different angles. We
construct position-position-velocity (PPV) cubes from the HI density and velocity arrays
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Figure 4.1 Panels showing three different projections: first column shows the unrotated
simulated galaxy, the second one shows an edge-on view, and the third shows the galaxy
face-on. The different rows show the HI column density map (first), velocity map (second),
and the HI mass as a function of distance. Both the HI column density and velocity maps
have a cutoff of 1014 cm−2 in column density; lines of sight with lower column densities
were masked in black. The HI mass distribution in the third row is calculated using annuli
of 1 kpc thickness.
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for three projections: the unrotated frame,2 edge-on, and face-on. We do this by first
creating a velocity range with a 20 km s−1 resolution that includes all of the velocities
seen in the simulation, and then assigning the simulation cells to a specific bin depending
on their line-of-sight velocity (which depends on the projection). In each velocity bin,
we compute a column density by adding along the line of sight, which results in an
HI density map for positions (x, y) at different velocities. We then take the first and second
moments along the velocity axis to make HI column density and velocity maps. We show
these maps in Figure 4.1 with a field of view of 108 × 108 kpc2. In addition to the maps,
we calculate the amount of HI as a function of projected distance from the center of the
galaxy. The different columns in Figure 4.1 correspond to the three viewing angles. The
plots in the first two rows are made using the highest-resolution extraction box (10 levels
of refinement; 1 cell size=0.27 kpc), while the plots in the bottom row were produced from
eight levels of refinement (1 cell size=1.09 kpc) which provides a larger field of view (480
kpc on a side).
The first row corresponds to HI column density maps, which include column densities
above 1014 cm−2. The disk of the simulated galaxy spans about 15 − 20 kpc in radius,
and the halo population exhibits a wide array of morphological features that tend to be
arranged in complexes. We see compact clouds, elongated features resembling filaments,
and interconnected structures. Most of these structures are located in the vicinity of the
disk, and tend to have higher column densities than the gas seen at larger distances. The
features seen at the edges of the figures are part of bigger complexes (see Figure 4.4 for
a bigger field of view at z = 0). The edge-on view depicts a small warp to the right
2The unrotated frame is along the x-axis of the computation box, with i = 34◦ and P.A.=109◦.
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of the disk, which interestingly points in the direction of stripped gas material that is
located below the disk. This is suggestive of the warp being caused by the satellite as it
approached the disk. The face-on projection shows that many of these clouds were once
part of coherent structures that fragmented as they approached the disk.
The velocity maps presented in the second row use the line-of-sight velocity for direct
comparison with observations. We only include velocity cells with an HI column density
above 1014 cm−2 when making the map. We subtract the systemic velocity of the galaxy
and plot velocities within the range between −400 and 400 km s−1. The kinematics of the
clouds overall follow the rotation of the disk. The big complex seen in the bottom right-
hand corner of the unrotated view is at the systemic velocity, indicating that the gas is not
moving significantly with respect to the galaxy. The gas in the immediate vicinity of the
disk has velocities indicating infall. We also see the warp in the kinematics of the edge-on
view, but most of the HI gas in its proximity is near the systemic velocity, not showing a
direct connection to the warp. The face-on projection does not show any extreme behavior
in the clouds velocity, since most of the visible gas in that projection is near the systemic
velocity. Overall, the three viewing angles show that most of the cold halo gas structures
have velocities near the systemic velocity or have velocities that indicate infall. This is
consistent with the appearance of gas motions in a movie made from multiple timesteps
in the simulation, where we see gas accreting onto the disk.
The plots in the third row show how the HI is distributed as a function of projected
distance from the center of the galaxy. We created these plots by constructing spherical
annuli of 1 kpc in thickness with their origin at the center of the galaxy and calculating
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the amount of HI in each. We calculate the HI mass out to 240 kpc by using the level 8
refinement extraction box without imposing a column density limit. The distribution is
overall declining with distance, with the first 20 kpc corresponding to the gas found in
the disk. Note that the HI gas density within the solar neighborhood is consistent with
the observed value of 13.2 M pc−2 (Flynn et al. 2006). There is at least 105 M of HI gas in
each annulus out to 90 kpc, where there is a peak at around 40 − 50 kpc, which is due to
the complex seen at the edges of the column density maps in the first row. After this, the
HI mass distribution continues to decrease to values that are not observable, with isolated
spikes that correspond to satellites.
Figure 4.2 shows the temperature and metallicity maps that serve to further illustrate
the properties of the HI at z = 0. Both maps are of the unrotated galaxy, and are HI -gas
density-weighted along each line of sight. As seen in the temperature map, the galaxy
is embedded in a diffuse hot halo of (1 − 3) × 106 K, whose mean temperature declines
slowly with increasing distance from the galactic center, and is surrounded by colder
fragmented flows with a range of temperatures 8 × 103 − 3 × 105 K. The higher than
expected HI gas temperatures are due to the weighting by density along the line of sight.
We overlay HI contours of 1014 and 1018 cm−2 to show which structures are observable
either in HI emission or absorption studies.
The metallicity map shows that all of the gas in the halo has been enriched to some
extent. Most of the cold halo gas has an approximate metallicity of 0.15 Z, in contrast
with the gas in the disk that has a metallicity of ∼1 Z. The filaments show a slight level






Figure 4.2 Temperature and metallicity map both weighted by HI density along each line of
sight. The projection is the same as that used for the first column in Figure 4.1. We overlay
HI contours of 0.0001 and 1 ×1018 cm−2 on the temperature map. In the metallicity plot,
we enclose three features that show the different metallicities. Circle A is a filamentary
flow, Circle B shows the stripped gas from a satellite, and Circle C is caused by supernova
feedback. Note that the satellite and supernova feedback gas are highly enriched, while
the filamentary flow is associated with lower metallicities.
the vicinity of the disk (Circle B) has a metallicity of 0.8 Z, corresponding to stripped gas
from a satellite. We can also see an enriched component of around 0.3 Z perpendicular
to the major axis of the disk, which corresponds to traces of the supernova feedback wind
(Circle C). As we will discuss later, the metallicity of the gas turns out to be an important
indicator of the origin of the neutral gas.
4.3.2 HI Mass Accretion Rate
We calculate the HI mass accretion rate at z = 0 as a function of radius from the level 8








where Mi is the HI mass in the ith cell, ~Vi is the velocity vector of that cell, ~̂ri is the radial
unit vector, and dR is the thickness of the spherical shell. Figure 4.3 shows the resulting
mass accretion rate as a function of radius. We calculate the mass accretion rate out to
240 kpc, but only plot the first 100 kpc since there is no halo HI gas at larger distances.
We exclude the first 20 kpc since that is the radius of the disk. As seen in the plot, the
mass accretion rate does not linearly decrease with increasing radius. The spike at 63 kpc
corresponds to one of the satellites that still has gas at z = 0. Excluding this, there are
various peaks at different distances. The two most massive ones are at 20 kpc and 40 kpc,
the first one being due to the HI in the immediate vicinity of the disk, while the other one
represents the big complex that is moving at the systemic velocity of the galaxy. From this
analysis, we estimate an HI mass accretion of ∼ 0.2 M yr−1 onto the disk.
4.3.3 Origin of the Gas
We now examine the origin of the neutral gas in the halo by analyzing a sequence of
117 projection maps taken from a range of redshifts each separated uniformly by 43 Myr,
starting at z = 0.5 and ending at z = 0. This time sequence is of the unrotated galaxy,
which gives a close to edge-on view with a larger field of view (540 kpc comoving on
a side). Figure 4.4 shows six representative snapshots at z = 0.5, 0.4, 0.3, 0.2, 0.1,and 0.0,
showing the HI distribution. These maps show the presence of filamentary flows at all
times, and also provide some examples of satellites getting stripped as they approach the
88
Figure 4.3 HI mass accretion rate as a function of radius calculated using the level 8
extraction box (resolution of 1.09 kpc per cellsize). We plot Ṁ for distances between 20
and 100 kpc, since the first 20 kpc correspond to material in the disk, and we do not see
any significant HI at larger distances. We calculate a mass accretion rate onto the disk of
∼ 0.2 M yr−1, which is the value calculated at 20 kpc. The HI seen at 40 kpc corresponds
to a complex of cold gas moving at the systemic velocity, and the spike seen at 63 kpc is
from a satellite that still has gas at z = 0.
main galaxy.
In addition, Figure 4.5 shows the evolution of the HI halo gas mass in the redshift
interval z = 0.5 − 0.0. We calculate the amount at every five simulation outputs, which
corresponds to an interval of 215 Myr. In calculating this number, we do not set a
minimum column density and exclude the amount of gas inside the main disk and in
the satellite cores, which then leaves a combination of gas from filamentary flows and
stripped galaxies. We remove the disk and satellites by excluding the high-column density
gas (> 1020 cm−2) within a specified distance from the center of the dark matter halo. The
solid curve shows that the amount of HI is larger at earlier times, when the disk is actively






Figure 4.4 Snapshots showing the HI distribution at six different redshifts above a column
density of 1014 cm−2. The horizontal line in the upper right-hand corner of each panel
corresponds to 35 kpc physical, while the field of view is fixed at 270 kpc comoving on
a side. We circle examples of satellites interacting with the main galaxy (S3), with one
another (S7/8/9), and with the hot halo gas (S13). These panels also show that cold flows
provide an important fueling mechanism at all times.
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Figure 4.5 Halo HI gas evolution between z = 0.5 and z = 0. The solid curve represents the
HI gas at a specific redshift (excluding gas in the disks and satellite cores), the dotted curve
represents gas inside the satellite cores, and the dashed one shows the low-metallicity gas
which is largely representative of filamentary flows. We compute these three quantities
at every five simulation outputs, corresponding to an interval of 215 Myr, without setting
a column density limit. Note that the HI in the halo is roughly constant (∼ 108 M)
since z = 0.3. The shape of the solid curve is closely followed by the low-metallicity gas,
indicating the variations are due to fluctuations in filamentary accretion.
constant amount of HI gas in the halo (∼ 108 M.) There are some peaks at different times,
which could be due to more satellites being stripped or to streams being more active at
certain times. We discuss how we studied these two possible origins for the cold halo gas
and our findings below.
4.3.3.1 Satellites
We identify 20 gas-rich satellites by selecting dark matter subhalos that have both stars
and HI gas (above 1016 cm−2). Figure 4.4 provides examples of what happens to satellites
as they approach the main galaxy. In the second snapshot (at z = 0.4) there is a spherical
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satellite immediately above the disk, which we label S3. This satellite eventually merges
with the disk and has no noticeable tidal tails in its HI morphology in this projection. At
z = 0.3, we see another satellite approaching the main galaxy from the bottom left corner.
This is actually a system of three galaxies (S7, S8, S9), and its HI morphology is visibly
disturbed, as evident from the elongated features. This is possibly a product of both tidal
interactions within the system and an interaction with the hot medium. The last example
is seen at z = 0.1 in the bottom right corner. The circle encloses S13, a satellite that is also
disturbed as it enters this hot medium. The long tail seen diagonally extending to the
right is likely a product of ram pressure stripping.
We follow the evolution of the settled gas within the dark matter halo of the satellites
as they enter our projection map volume. When necessary, we examine the stellar mass
distribution maps to locate the exact positions of the satellites. We are able to identify and
track the gas inside the satellite cores since it is compact and does not mix easily with the
rest of the gas in the halo. We start tracking the gas content from the moment that the
satellites appear in the box analyzed until they lose all of their gas, exit the simulation box,
merge with the main disk or until z = 0. The total amount of gas inside the satellites is
shown in Figure 4.5 by the dotted line and is calculated at every five simulation outputs.
As seen in the curve, there is more satellite gas at earlier times, showing that there is
a greater number of satellites at around z = 0.5, with many of these, such as S3, being
gas-rich.
Table 4.1 summarizes our satellite analysis. It lists the satellite IDs, initial and final
redshifts, number of years this redshift interval corresponds to, initial and final masses,
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Table 4.1. Mass-loss rates
Satellite z0 z f Time Mo M f ∆M ∆Ṁ D Mass
Number (Myr) (106M) (106M) (106M) (M yr−1) (kpc) Loss
S1 0.495 0.221 2346 0.07 0.01 0.06 2.56 × 10−5 45 86%
S2 0.495 0.300 1579 3.66 0.31 3.35 2.12 × 10−3 66 92%
S3 0.489 0.339 1195 174.00 125.92 48.08 4.02 × 10−2 0 28%
S4 0.477 0.443 256 87.25 46.23 41.02 1.60 × 10−1 31 47%
S5 0.454 0.339 939 30.75 1.31 29.44 3.14 × 10−2 57 96%
S6 0.374 0.282 811 1.92 0.64 1.28 1.58 × 10−3 0 67%
S7 0.363 0.282 725 22.09 12.46 9.63 1.33 × 10−2 0 44%
S8 0.363 0.255 981 20.78 27.28 −6.50 −6.63 × 10−3 0 −31%
S9 0.287 0.238 469 2.20 0.01 2.19 4.67 × 10−3 0 99%
S10 0.334 0 3712 46.25 37.25 9.00 2.42 × 10−3 132 19%
S11 0.247 0 2901 40.80 12.58 28.22 9.73 × 10−3 45 69%
S12 0.221 0.033 2176 8.14 0.13 8.01 3.68 × 10−3 68 98%
S13 0.196 0 2389 53.14 0.71 52.43 2.19 × 10−2 37 99%
S14 0.196 0.172 256 0.10 0.01 0.09 3.52 × 10−4 67 90%
S15 0.196 0 2389 19.22 15.38 3.84 1.61 × 10−3 28 20%
S16 0.196 0.184 128 0.03 0.01 0.02 1.56 × 10−4 81 67%
S17 0.196 0.149 512 0.05 0.05 0 0 282 0
S18 0.180 0.024 1877 0.60 0.01 0.59 3.14 × 10−4 64 98%
S19 0.105 0 1365 17.54 2.42 15.12 1.11 × 10−2 0 86%
S20 0.084 0.056 341 0.03 0.01 0.02 5.87 × 10−5 248 67%
mass losses, mean mass-loss rates, projected distances of closest approach, and the per-
centage of mass loss. We see a variety of satellites with a range of initial HI content 104−108
M that generally make a close encounter with the main galaxy before losing all of their
gas or exiting the simulation box. The majority of these galaxies are losing their HI content
at different rates. Thirteen satellites lose 50% or more of their original gas content, with
nine of these losing 80% or more. The other satellites have lost less than 50% of their
initial HI content (5), one kept its gas content, and one actually gained some HI due to an
interaction with companion satellites.
The satellite HI mass-loss rate is not necessarily correlated with the projected distance
of closest approach. The two satellites with largest distances (d > 200 kpc) have mass-loss
rates that are negligible. At d < 200 kpc, the mass-loss rate for each satellite varies since
it depends on the initial HI mass of the satellite, the three-dimensional location, and the
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timescale at which it is losing gas. For example, S1 is not very massive in HI and loses
gas slowly, which leads to an insignificant rate. On the other hand, S4 is fairly massive
and loses its gas on a very short timescale, translating to the highest mass-loss rate. The
median mean mass-loss rate for all of the satellites that have lost HI gas is 3.1 × 10−3 M
yr−1. If we calculate the median mean mass-loss rate for only the galaxies that have gas
at z = 0, we get 9.7 × 10−3 M yr−1. In a Gyr, these numbers would translate to 3.1 × 106
M and 9.7× 106 M of stripped gas, showing that satellite gas provides an important, but
not dominant, origin for the cold halo gas.
There is the question, however, of how long the stripped neutral gas will remain in
the halo before it gets disrupted or ionized. It is difficult to make a general estimate on
this timescale since it depends on unique conditions such as the HI mass, the properties
of the medium, and the velocity. We find that the stripped gas in the simulation survives
for 2–5 outputs, which corresponds to 80–200 Myr. This agrees with previous detailed
studies (e.g., Mayer et al. 2006) showing that stripped gas can survive for 100 Myr.
There are various possible gas-loss mechanisms including tidal interactions, ram
pressure stripping, star formation, or supernovae feedback. Two satellites, S13 and S19,
are prime examples for ram pressure stripping. We have checked the stellar components
of the satellites, and they show no evidence of interaction, implying that tidal interactions
are minor. In addition to this, we have constructed star formation histories for the five
satellites that still have gas at z = 0; none shows a recent burst of star formation, indicating
the HI gas was stripped rather than consumed.
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4.3.3.2 Streams
In contrast to our satellite analysis, we cannot track the filaments accurately since they
are not tightly bound and consequently do not have a defined structure. They fragment
easily and interact with other gas components present in the halo. This limits a precise
quantitative assessment of the amount of cold flow gas present at different times. We
can, however, qualitatively describe what happens at different redshifts using the movie,
snapshots of which are shown in Figure 4.4. At z = 0.5, the gas in the vicinity of the
disk has not settled, and there are three main filaments that are directly feeding the disk,
accompanied by various smaller and less dense structures. The main filaments are very
diffuse and tend to remain in the same directions (upper left, upper right, and lower
center). The small-scale filaments are dominant in the second snapshot, where they are
still delivering gas to the disk. Some of these streams are intermittent and appear to be
inactive at certain times, but then become a prominent feature again. As time progresses,
the filaments tend to fragment, become less dense, and are unable to directly reach the
disk as coherent structures. For example, at z = 0.1, there is a dominant filamentary
stream to the left of the simulated galaxy with an HI mass of ∼ 3 × 107 M . This stream
moves around the galaxy in the counterclockwise direction and collides with a smaller
stream that is entering from the bottom of the simulation box, fragmenting the flow and
leaving several discrete features concentrated in the bottom right corner of the simulation
box at z = 0 with an approximate total mass of 4 × 107 M. It is important to note that we
do not expect numerical fragmentation since all cells inside filaments satisfy the Truelove
criterion.
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We look at the metallicity of the gas as a possible way to place a constraint on the
amount of cold flow gas at different times. In principle, the satellite gas should have a
higher metallicity than the gas due to filamentary streams. Figure 4.6 shows metallicity
maps at different redshifts. These are projected metallicities and are density-weighted
along each line of sight. The disk has been removed and we only plot metallicities for
cells that have at least 1016 cm−2 in HI column density. We restrict our metallicity range to
0.01 − 0.50 Z for better contrast. Many satellites have metallicities above 0.5 Z, which
appear white in the metallicity map. As expected, we do see a difference in metallicity
between satellite and filamentary stream gas. The best example of this is seen at z = 0.1,
where S13 is seen getting stripped in the middle right of the plot and where various cold
streams are approaching the disk. The metallicity of the streams is around 0.2 Z, and the
stripped gas from the satellites generally has values above 0.3 Z.
Despite the distinction here, there is also mixing going on, which is mostly due to
supernova feedback from the galactic disk interacting with the filaments. At z = 0, the gas
in the bottom right corner of the plot originates from filamentary streams contaminated
by the supernova wind, as shown by the temperature and metallicity movies. Another
example of contamination is seen in the fourth panel (z = 0.3), where the elongated
features with higher metallicities above the disk are not associated with satellite gas.
Some of these features condensed out of filamentary streams but were contaminated by
the higher-metallicity supernova wind. The feature enclosed by the white circle is a
product of mixing between cold flow material and a fragmented supernova wind shell.
We conclude from this analysis that all lower metallicity gas (. 0.2 Z) corresponds
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to cold flows in the simulation, but not all higher metallicity gas is due to satellites. This
allows us to place a minimum on the amount of gas that is due to cold flows at different
redshifts. The dashed line in Figure 4.5 represents the total amount of HI at each redshift
with metallicities less than 0.2 Z. This is a minimum since the amount of gas originating
from cold streams is higher, but some of it is indistinguishable from satellite gas in terms
of metallicity. The peaks in this curve roughly correspond to the maxima in the solid
curve, showing that active cold flows dominate the HI content at those particular times.
The relative amount of this low-metallicity gas with respect to the total amount of HI halo
gas at different redshifts ranges between 25% and 75%.
4.4 Comparison with Observations
4.4.1 Andromeda
We first compare the simulation with the deep HI observations of M31 carried out by
Thilker et al. (2004, hereafter T04). We choose M31 since it is the nearest spiral galaxy
of similar size and mass to the Milky Way and several properties of the clouds can be
directly compared to the simulation. The wide-field HI observations (94 ×94 kpc2) were
conducted with the Green Bank Telescope (GBT) and achieve an rms flux sensitivity of 7.2
mJy beam−1 (1σ), which corresponds to a column density of 2.5 × 1017 cm−2 over 18 km
s−1. The data include velocities between −827 and 226 km s−1, where −300 km s−1 is the
systemic velocity of the system. The authors exclude data with velocities more positive
than −160 km s−1 due to Galactic emission. After removing the disk HI emission, they find
97
35 kpc
Figure 4.6 Metallicity maps at different redshifts. The plotted range is from 0.01 to 0.50
Z for contrast, but satellite gas generally has higher metallicities which appear as white
regions. The bar in the upper right corner in each map corresponds to 35 kpc. Here we
only include cells that have at least 1016 cm−2 in HI column density.
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Figure 4.7 Total HI distribution of the simulated galaxy at z = 0 where we have rotated the
galaxy to M31’s inclination (i = 78◦) and position angle (P.A.=35◦), contours are drawn in
levels of (0.5, 1, 2, 10, 20) ×1018 cm−2, the same levels as T04. We color-code the contours
according to the legend in the plot.
at least 20 sources in the halo above 2σ within 50 kpc of the disk and with a total HI mass
of 3 × 107 M. Follow-up observations carried out at Effelsberg by Westmeier et al. (2008)
indicate that there are no clouds above a 3σmass detection limit of 8× 104 M at distances
greater than 50 kpc from the disk.
Figure 4.7 shows the total HI distribution of our simulated galaxy at z = 0 matching
the viewing geometry of M31. We have rotated the galaxy accordingly to correspond to
M31’s inclination (i = 78◦) and position angle (P.A.=35◦), and use the same contour levels
as T04 [(0.5, 1, 2, 10, 20) ×1018 cm−2]. If we exclude the gas in the disk, we find a total
HI mass of 1.1 × 108 M. We detect about 30 discrete sources, and many are arranged in
complexes. Some of the structures are compact clouds with masses within the range of
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104 − 106 M, while others have an elongated filamentary morphology. These filamentary
features have higher masses, such as the nearly horizontal structure located about 15 kpc
above the disk, that has an HI mass of 1.1 × 107 M.
The morphology, distribution, and kinematics of the clouds are similar to the obser-
vations. T04 detect a wide array of morphological features with similar masses to the ones
seen in the simulation. The cold halo gas in the simulation does seem to extend beyond 50
kpc from the disk, as is seen in the large complex south of the disk that extends to about 70
kpc. If we limit the HI to only 50 kpc to better compare with observations, we detect about
88% of the value quoted above, which means that the bulk of the gas is located within
50 kpc of the galaxy. One issue of concern we see in this comparison is that our contour
levels are closely spaced together, showing that our simulation is over-predicting values
for the column density for some of the clouds. This discrepancy might be a consequence
of not including interstellar UV in the simulation (Bland-Hawthorn & Maloney 2002;
Maloney & Putman 2003). Kinematically, the comparison between the GBT data and the
simulation is more complicated since the observations mostly probe redshifted velocities
to avoid Galactic emission. In general, T04 find that the discrete features have velocities
in between −515 and −172 km s−1, which can be compared to M31’s Vsys = −300 km s−1.
In contrast, M31’s HI gas with stream-like morphology has values within ∼ 80 km s−1 of
the systemic velocity. This is roughly consistent with the simulated HI halo gas, where
many of the diffuse streams are close to the systemic velocity and the compact features
have a wider range in velocities. We also compare the covering fraction of M31 with the
simulation in Section 4.4.3.
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4.4.2 Other Galaxies
The population of HVCs in the Milky Way has been extensively studied over the past
decades. We can compare the distribution, amount, and metallicities of HVCs to the cold
halo gas seen in the simulation. As various surveys have shown (e.g., Putman et al. 2002;
Kalberla et al. 2005; Peek et al. 2011), the HVCs are grouped into large complexes, which
are consistent with the distribution of the gas in the simulation. If we exclude the gas in
the Magellanic Stream, and place all of the HVCs at a distance of 10 kpc, there is a total
of ∼ 3 × 107 M in HI (Putman et al. 2012). In addition to this, HVCs in the Milky Way
exhibit metallicities at around ∼ 0.1 − 0.3 Z (Wakker 2001), which is consistent with the
values of the simulated HI gas.
In addition to the Milky Way and M31, other spirals have been shown to have cold
gas in their halos. Another well-studied galaxy is NGC 891 (e.g., Oosterloo et al. 2007),
which has been shown to have an extended and massive halo of HI with a mass of 1.2×109
M when both the halo and disk–halo interface region are examined, accounting for about
30% of the total mass of neutral gas found in the galaxy. Its distribution of cold gas is
not smooth, showing clouds with HI masses of ∼ 1 × 106 M, and an extended filament
extending to the northwest of the galaxy. If the disk and disk–halo interface region are
subtracted from the HI distribution map, the remaining neutral gas is ∼ 1 × 108 M in the
form of clouds and the extended filament (Sancisi et al. 2008), resembling what is seen in
the simulation.
Sancisi et al. (2008) quote that ∼ 25% of field galaxies have extra-planar features of &
108 M. This number would go up to 50% if warps and kinematic deviations from the disk
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are included (Sancisi et al. 2008; Haynes et al. 1998). Ongoing deep HI observations (e.g.,
HALOGAS; Heald et al. 2011) are further examining the cold halo gas of a larger sample
of spirals. We expect these will only detect part of the features seen in the simulation.
First, the column densities being probed in the observations are higher (> 1019 cm−2) than
the bulk of the simulated clouds. In addition to this, the average column densities in the
simulation may be lower since we did not include interstellar UV. Future HI deep surveys
will allow us to compare the simulation with a larger sample of galaxies.
4.4.3 Covering Fraction
We calculate the projected covering fraction at z = 0 as a function of distance for various
column density limits (shown in Figure 4.8). We use the level 8 extraction box to calculate
the covering fraction out to 240 kpc for different column densities. Here we plot four
representative values: 1 × 1013, 1 × 1015, 5 × 1017, 5 × 1019 cm−2. We also include a curve
showing the exponential fit of f = 2.1 exp(−d/12) done by Richter (2012) to the covering
fraction for M31.
Most of the curves show the covering fraction exponentially decreasing as a function
of distance. We calculated covering fractions for intermediate values between 1013 and
1015 cm−2, and found the exponential drop-off to hold true for NHI > 5× 1013 cm−2. Below
this value (shown by the blue curve), we find covering fractions near unity out to 50
kpc, with the value slowly decreasing afterward to a minimum of 0.85 at 240 kpc. This
indicates that the halo of the simulated galaxy is filled with low-density gas. In contrast,
the covering fraction for NHI > 1 × 1015 cm−2 is less than 0.2 beyond 50 kpc, indicating
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that denser absorbers are not a common feature in the extended halo.
The calculated covering fractions agree well with absorption-line work and HI obser-
vations. There are several studies (Bowen et al. 2002; Wakker & Savage 2009; Prochaska
et al. 2011) that have detected Lyα absorption against background quasars, probing low-
density gas in the range 1015 > NHI > 1013 cm−2. All of these studies find covering
fractions close to 100% within 300 kpc of a galaxy, which agrees with the blue curve. For
higher-density gas, we can compare our results to the covering fractions from the HI data
of M31. The exponential fit found by Richter (2012) expresses the covering fraction as a
function of distance. If we compare this fit to the cyan curve (NHI > 5× 1017 cm−2), which
is the lowest contour value in T04, we find similar values for the covering fraction. The
observational fit to larger distances is not reliable since there are no detections at d > 60
kpc. The covering fraction of HVCs in the Milky Way above 7× 1017 cm−2 is 0.37 (Murphy
et al. 1995), which is roughly consistent with the cyan curve at ∼ 30 kpc.
4.5 On Feeding a Spiral Galaxy
Our study addresses how spiral galaxies get their fuel at the present time. The constant SFR
and stellar metallicity measurements indicate that galaxies must be constantly accreting
a fresh supply of gas (see Section 4.1). The simulation shows that the galaxy has had a
nearly constant supply of atomic gas in the halo (∼ 108 M) since z = 0.3. At z > 0.3 the
supply of gas was higher, which is consistent with previous work by Kereš et al. (2005),
where they show that cold flows are able to directly feed the disk at higher redshift. At
low redshift, we see that the filaments are no longer able to directly reach the disk, and
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Figure 4.8 Covering fraction as a function of distance for various column density limits
calculated using the level 8 extraction box. An exponential fit to the M31 halo population
is included for comparison (shown in black; Richter (2012)). We color-code the curves
according to the column density, as shown in the legend in the plot.
fragment due to instabilities in the halo.
The next important issue is to determine if the accreting neutral gas will be enough to
maintain the observed SFR. Our calculated value of Ṁ ∼ 0.2 M yr−1 (see Section 4.3.2) is
consistent with the HI observations of the Milky Way (Putman et al. 2012). This indicates
that there must be other sources for continued star formation given the galaxy’s SFR of 1.9
M yr−1 (Chomiuk & Povich 2011). Recent observations suggest that some of the missing
gas might be ionized (Shull et al. 2009; Lehner & Howk 2011), which is consistent with
detailed simulations of halo clouds (Bland-Hawthorn et al. 2007; Heitsch & Putman 2009).
A preliminary calculation for the total gas mass accretion rate from the simulation in this
study yields a value of ∼ 3 M yr−1, indicating the bulk of the accretion is not detectable
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in HI (Joung et al. 2012b).
The origin of cold halo gas has been extensively studied over the past decade (e.g.,
Maller & Bullock 2004; Kereš & Hernquist 2009). Our study shows that the clouds come
from stripped satellites and filamentary material. These two cloud formation mechanisms
are evident at all times, where we see satellites getting stripped by the hot gas, and
filaments entering the halo. In some instances, the filaments are able to get close to the
galaxy (within ∼ 20 kpc) before getting disrupted or colliding with other streams. In other
cases, the filaments do not get close to the halo, but some of the material is able to cool
down at larger distances and form compact clouds. This is consistent with Joung et al.
(2012a), where they show that a nonlinear perturbation such as filamentary streams is
needed to seed the formation of clouds in the hot medium. Even though satellites are
losing their majority of the HI , the stripped cold gas has a relatively short timescale. We
find that stripped gas from satellites is an important but not a major constituent of the cold
halo gas. Filamentary material will also have a similar timescale but is more abundant
and is being more consistently replenished, thus usually having a more dominant role.
As seen in Figure 4.5, the low-metallicity gas can account on average for 54% (ranges from
25% to 75%) of the HI halo gas seen in the studied redshift interval. In addition to these
two cloud formation mechanisms, we find that in some instances the supernova shell
fragments, mixes in with filamentary flows, and then falls back to the disk.
Distinguishing between the two main cloud formation mechanisms is challenging
since we do not have the capability of tracking the origin of each gas particle, such as in
SPH simulations. Using metallicity as a tracer allows us to place constraints on the amount
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of cold halo gas that is due to filamentary streams. As seen in Figure 4.6, the metallicity
of satellite gas has values above 0.3 Z, while the cold flows have metallicities of ∼ 0.1 Z.
We find that the metallicity of the cold halo gas at z = 0 has values between 0.01 and 0.5
Z, with most of the gas showing some degree of enrichment, including the cold flows.
At higher redshift, the filaments in the simulation have lower metallicities. Recent work
by Fumagalli et al. (2011) finds a mean metallicity of 0.01 Z for cold streams at z > 1,
which is consistent with our results, and the restrictions from the G-dwarfs (see references
in Section 4.1). The mixing at lower redshift indicates that one should be cautious when
trying to use metallicities as a diagnostic for the origin since the high-metallicity gas could
at least partly originate from cold streams that have been enriched by galactic feedback
processes.
The properties of halo gas around galaxies have only begun to be explored in detail
with observations and simulations. In HI emission, there is only a handful of galaxies
whose halos have been mapped. The next generation of radio telescopes (e.g., ASKAP,
MeerKat, SKA) will enable us to reach to lower column densities to characterize the
frequency and properties of the neutral halo gas features in a larger sample of galaxies.
In absorption, the Cosmic Origins Spectrograph on Hubble Space Telescope is probing the
diffuse neutral gas and the warm-hot ionized gas in a large sample of galaxies (Tumlinson
et al. 2011). On the simulation front, significant progress has been made in recent years in
achieving high resolution and including much of the relevant physics. It is now necessary
to carry out high resolution simulations of galaxies of different sizes and in different
environments to fully understand the origin and fate of halo gas in a wider range of
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galaxies. Both approaches will enable us to understand the origin, state and future of the
gas in the halo of galaxies.
4.6 Conclusion
In this paper, we studied how spiral galaxies such as our Milky Way get their gas. To do
this, we use a high- resolution cosmological grid simulation to study the cold halo gas in
the redshift interval 0.5 > z > 0. We summarize our results below.
1. The cold halo gas seen in the simulation at z = 0 is consistent with observations
of M31 and the Milky Way. We find ∼ 108 M of atomic gas in the halo, and
features that are mostly arranged into complexes of clouds with spherical or stream-
like morphology. The majority of the simulation clouds have velocities that are
consistent with infall or have values near the systemic velocity.
2. There is a nearly constant amount of HI halo gas since z = 0.3 with an increasing
amount of HI with decreasing galactocentric radius. This suggests that Milky-Way-
sized galaxies have had a constant supply of star formation fuel.
3. We calculate a HI mass accretion rate of Ṁ ∼ 0.2 M yr−1 indicating the need for
additional sources to sustain the current SFR.
4. We calculate the covering fraction of cold halo gas as a function of radius at z = 0
for different column densities. We find an exponential drop-off for NHI > 1 × 1015
cm−2 within the virial radius and a nearly unity covering fraction throughout for
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NHI > 1 × 1013 cm−2. These values are consistent with what is found for M31, the
Milky Way, and those reported for Lyα absorbers.
5. The HI halo gas originates primarily from filamentary streams and stripped satellites.
To a lesser extent, we see evidence of supernova shells mixing with filamentary
material and fragmenting and cooling.
6. We identify 20 satellites in the redshift interval 0.5 > z > 0 that have gas. Fifteen of
these lose 50% or more of its original gas content as they enter the hot medium. The
median mean mass loss rate is 3.1 × 10−3 M yr−1.
7. Filaments are seen at all redshifts, being able to reach the disk at z & 0.5 but
fragmenting at lower redshifts. Some are intermittent and become more active at
particular times, resulting in peaks in the HI halo gas mass.
8. We use the metallicity of the gas to distinguish between satellite gas and cold flow
material. We find that filamentary streams account for at least 25%-75% of the cold
halo gas at a given redshift. The metallicity analysis also indicates that supernova
winds can contaminate the HI gas originating from filamentary streams.
We acknowledge support from NSF grants AST-1008134 and AST-0904059, and the
Luce Foundation. We thank Josh Peek for help throughout the project, and Jacqueline van
Gorkom, Kathryn Johnston and Greg Bryan for useful discussions.
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Part III
The Evolution of Gas: A Perspective
from Observations
109
(This page left intentionally blank.)
110
Chapter 5
A Pilot for a Very Large Array HI Deep
Field1
5.1 Introduction
Neutral hydrogen (HI ) in emission has been extensively used to probe the internal prop-
erties of the galaxies, their halos, and environment in the local Universe. Surveys such as
ALFALFA and HIPASS done with single-dish telescopes have detected large samples of
galaxies and measured the HI content as a function of environment, size, and morphology
out to z ∼ 0.08 (Giovanelli et al. 2005; Zwaan et al. 2003). Both interferometers and single-
dish telescopes have detected HI halo gas around the Milky Way and nearby galaxies
(Sancisi et al. 2008; Putman et al. 2012). In addition, interferometers have mapped the
1This section is a reformatted version of an article by the same name by Ximena Fernández, J. H. van
Gorkom, Kelley M. Hess, D.J. Pisano, Kathryn Kreckel, Emmanuel Momjian, Attila Popping, Tom Oosterloo,
Laura Chomiuk, M.A.W. Verheijen, Patricia A. Henning, David Schiminovich, Matthew A. Bershady, Eric
M. Wilcots], Nick Scoville, that can be found in The Astrophysical Journal Letters, Volume 770, Issue 2,
article id. L29, 6 pp. (2013). The abstract for this paper is reproduced in Section 1.4.3.1.
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HI morphology and kinematics of nearby galaxies in different environments. For example,
work by Chung et al. (2009) has shown that spiral galaxies get stripped of their HI gas due
to the hot gas present in the Virgo Cluster. On the other hand, galaxies residing in voids
tend to have small optical disks with large HI disks, with some showing signs of ongoing
accretion (Kreckel et al. 2012).
Until recently, the HI Universe in emission at z > 0.1 was virtually unknown due
to limited instantaneous frequency coverage and sensitivity, except for a few studies.
These include the first HI detection at z > 0.1 reported by Zwaan et al. (2001) using the
Westerbork Synthesis Radio Telescope (WSRT), and Arecibo observations at z = 0.1 − 0.2
(Catinella et al. 2008; Freudling et al. 2011). Indirect detections have also been reported,
such as the stacked HI signal at z = 0.24 and z = 0.37 by Lah et al. (2007, 2009), and
intensity mapping at z = 0.8 (Chang et al. 2010; Masui et al. 2013).
Current technology now allows for much wider instantaneous velocity coverage.
The WSRT observations of two clusters in the interval 0.164 < z < 0.224 are the first ones
to probe large volumes at higher redshift, detecting over 160 galaxies in HI in different
environments (Verheijen et al. 2007; Jaffé et al. 2012). SKA pathfinders will be able to cover
instantaneously HI from z = 0 to z = 0.23 (Apertif), z = 0.4 (ASKAP; Johnston et al. 2008),
and z ∼ 1 (MeerKAT; Holwerda et al. 2012).
The recently upgraded Karl G. Jansky Very Large Array (VLA)2 can now observe
HI from z = 0 to z = 0.45 in one setting. Here we present results from a pilot for such
a survey done during commissioning, when it was only possible to observe the redshift
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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interval 0 < z < 0.193. The goal of this pilot is to test the feasibility of carrying out a full
HI deep field, particularly how to deal with large volumes of data and the radio frequency
interference (RFI) environment. The full survey will have twice as many channels to
probe out to z = 0.45 using a similar setup and observing the same target. We selected
the COSMOS field (Scoville et al. 2007) as our observing target since it has no strong radio
continuum sources. This 2 deg2 equatorial field has photometry, spectra, and maps of the
large-scale structure, an ideal set of ancillary observations for an HI deep field.3
In this Letter, we use the cosmology calculator of Wright (2006) to calculate distances
and physical sizes, adopting Ho = 71 km s−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.
5.2 Observations and Data Reduction
The observations were carried out with the VLA in B-configuration for a total observing
time of 60 hr divided into 10 sessions in 2011 March-April. Each session consisted of 5 hr
of on-source time, with the extra hour used for calibration. Our pointing in the COSMOS
field has 413 galaxies with optical spectroscopic redshift from Sloan Digital Sky Survey
(SDSS) Data Release 8 (DR8) and zCOSMOS within the surveyed volume (Lilly et al.
2007, 2009). The B-configuration (5′′ resolution at L-band) results in a spatial resolution
of 0.68 kpc at z = 0.067 (corresponding to the z of the closest detection) and of 15.9 kpc at
z = 0.193, which allows us to avoid source confusion within the beam.
We used two 128 MHz wide bands, each divided into 16 spectral windows of 8 MHz
with dual polarization. The two bands covered the frequency ranges 1190 − 1318 MHz
3http://irsa.ipac.caltech.edu/data/COSMOS/
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Table 5.1. Summary of Observations
Parameter VLA Deep Field
Coordinates (J2000) 10h01m24s, 2◦21′00′′
Number of channels 16384
Flux density calibrator 3C286
Complex gain calibrator J0943 − 0819
Frequency coverage (MHz) 1190 − 1426
Effective frequency resolution (kHz) a 31.2
Effective velocity resolution (km s−1) a 6.6 (z = 0)− 7.9 (z = 0.193)
Spatial resolution (kpc) 0.68 (z = 0.007) − 15.9 (z = 0.193)
Synthesized beam (′′ ) (5.42 × 5.32) − (6.48 × 6.09)
Typical noise (mJy beam−1 channel−1)a 0.2
Typical 1σ NHI limit (cm−2)a (5 − 7.5) × 1019
aAfter Hanning smoothing
and 1298 − 1426 MHz. The total spanned frequency range corresponds to an HI 21 cm
redshift interval of 0 < z < 0.193. These observations were the first to use recirculation,
which allows for more spectral channels in exchange for a longer correlator integration
time (8 s in our case). Consequently, each spectral window consists of 512 channels, with
each channel being 15.6 kHz wide, resulting in a velocity resolution of 6.6 km s−1 at z = 0
after Hanning smoothing. We summarize our observing parameters and properties in
Table 5.1.
[h!]
We reduced each observing session separately using the Astronomical Image Process-
ing System (AIPS; Greisen 2003). We separated the 32 spectral windows into individual
uv data sets. During this process, we also applied Hanning smoothing to remove the
Gibbs ringing phenomenon due to strong RFI. After this, we did a preliminary calibra-
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tion following standard procedures in order to be able to run RFLAG, an automatic RFI
flagging task of AIPS. Following this, a final calibration was performed and applied to
the target source. The calibrated target source data for each session were further flagged
with RFLAG, and then the 10 sessions of every spectral window were combined using
STUFFR, an AIPS procedure that allows for baseline-length-dependent time averaging.
We ran this procedure by setting parameters that would not distort the sources near the
edges of the field of view due to time averaging. The final uv data sets were a factor
of three smaller than the combined 10 sessions without the above mentioned averaging,
speeding up the imaging.
We made total intensity image cubes of 34′ × 34′ covering the full width half-power
of the primary beam, using a weighting scheme intermediate between natural and uni-
form. Continuum subtraction was performed in the image plane by fitting Chebychev
polynomials whereby data points deviating more than 2σ from the fit were iteratively
removed.
5.3 Results
5.3.1 Noise and RFI
We first analyze the RFI environment and how it affected our observations since this is
one of the main challenges when carrying out an HI deep field. There were three kinds
of RFI present in the data: broad and strong RFI due to GLONASS and GPS, narrow and
strong spikes mostly from the Albuquerque airport radar, and broad weaker signals of
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Figure 5.1 Three plots describing the noise and how RFI affected the observations. Top:
rms noise as a function of frequency, showing that we reach theoretical noise (0.2 mJy
beam−1) in most of the spectral windows. Middle: major and minor axes sizes of the
synthesized beams for the different spectral windows; the sharp drops are due to short
spacings getting flagged and the dark features at 1300 MHz are due to overlapping spectral
windows. Bottom: color map showing the percentage of data flagged for a typical day of
observations as a function of baseline and frequency with the halves corresponding to the
two 128 MHz wide bands. Long spacings are unaffected by RFI, while up to 40% of the
data from the short spacings get flagged in some of the spectral windows.
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unknown origin; none of which varied over timescales shorter than minutes.
The top panel of Figure 5.1 shows that we reach the theoretical noise of 0.2 mJy
beam−1 in most of the observed frequencies. We find that the noise is higher in the
frequency interval 1225− 1250 MHz where strong RFI was present due to GLONASS and
GPS, and a high percentage of the data was flagged. The effect of flagged data can also
be seen in the middle panel, where the beam size is smoothly decreasing with increasing
frequency (as expected), with some sharp drops at the frequencies affected by RFI. This
is due to most of the short spacings getting flagged, thus making a smaller synthesized
beam. The bottom plot shows how much data were flagged in the different spectral
windows as a function of baseline in a typical day of observations. As can be seen, most of
the plot is close to dark blue, indicating that less than 10% of the data were flagged. In the
affected frequencies (between spectral windows 4 and 9), we lose at most 40% of the data
but note that it is mainly in the spacings shorter than 2 km. At baselines longer than 5 km,
the data were largely unaffected, indicating that observing with long spacings mitigates
RFI. This puts the VLA at an advantage for HI deep fields, where RFI mitigation is a major
issue, compared to ASKAP, MeerKAT, and Apertif, for which most of the baselines are
considerably shorter than 5 km.
5.3.2 Source Finding
We apply additional frequency averaging on the continuum- subtracted image cubes to
increase the signal-to-noise for source finding, resulting in an effective frequency resolu-
tion of 125 kHz (26.8 km s−1 at z = 0) and a noise per channel of 0.085 mJy beam−1. We
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have done an extensive search by eye to have a reliable sample of detections to compare
with the results from automated source finding algorithms. A blind search only yields
the brightest detections, prompting us to do a more targeted search for HI associated with
each of the 413 galaxies with previously known spectroscopic redshift. All of the detec-
tions have spatially coherent emission seen in at least three consecutive channels with at
least 3σ in two of them in the immediate vicinity of the galaxy, within 1 MHz (∼200 km
s−1) of the frequency corresponding to the optical redshift.
The search by eye yields 33 detections, with three lacking a measured optical spectro-
scopic redshift. This number of detections is roughly consistent with predictions based on
photometric HI masses (Kannappan 2004; Catinella et al. 2010). The optical spectroscopic
sample is not complete, especially for small systems and low redshifts such as the three
mentioned above. Some of the total HI images at z > 0.1 appear to be incomplete based
on the asymmetric distribution and kinematics, suggesting we are only seeing the highest
column density gas.
We are in the process of testing several automated source finding algorithms as com-
pared in Popping et al. (2012), with an emphasis on Duchamp and S+C Finder (Whiting
2012; Serra et al. 2012a). The searches are being done both blindly and using the spatial
and frequency information from the optical catalogues. We will present the full data
catalogue plus a detailed analysis of the detections and detection methods in a follow-up
paper.
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5.3.3 Measuring the HI Properties
There are conflicting equations in the literature on how to calculate HI mass and column
density at cosmologically significant distances due to different velocity definitions. Here
we show how to calculate these quantities in terms of frequency. We start with the
fundamental relation between the observed flux S and luminosity L:
LHI = 4πD2LSHI (5.1)
with DL being the luminosity distance, and SHI =
∫
s(ν) dν, where s(ν) is the observed
flux density and dν is the frequency width in the observer’s frame. The luminosity can
be converted to HI mass using atomic physics and assuming the line is optically thin,
resulting in the following equation:
MHI = 49.8 D2L
∫
s dν (M) (5.2)
where DL is in Mpc and the integral is in units of Jy Hz. We can calculate the column
density by dividing the HI mass by the physical size covered by the beam. The derived
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where θ1 and θ2 are the FWHM sizes of the major and minor axes of the synthesized beam
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Figure 5.2 Optical spectroscopic sample and our detections in HI . Top: three-dimensional
(3D) distribution of galaxies in the data cube with the coordinates translated to a linear
distance from the pointing center. The gray circles represent the galaxies with known
optical spectroscopic redshifts, and the red symbols show the HI detections. The circles
are detections with known spectroscopic redshifts, while the squares show our three
detections without one, where we calculate the redshift from the HI spectrum. Bottom:
projection of 3D plot in R.A.-z with HI distribution maps highlighting the detections.
HI emission contours are overlaid on COSMOS Hubble Space Telescope images (Koekemoer
et al. 2007; Massey et al. 2010), with the synthesized beam plotted in the bottom-right
corner of each panel. Starting from the bottom-left and moving counterclockwise: an
isolated galaxy, a galaxy pair, an on-going merger in a wall, and the highest redshift
detection. Following the same order, the contours correspond to the following HI column
density values: (1.8, 3.6, 7.2, 14.4)×1020, (2.1, 4.2, 6.3, 8.4)×1020, (2.7, 5.4, 8.1, 10.8) ×1020,
and (3.5, 7.0, 10.5, 14)×1020 atoms cm−2. The opening angle of the pie-diagram is greatly
exaggerated for clarity.
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5.3.4 Detections in Different Environments and Redshifts
The top panel of Figure 5.2 shows that the distribution of galaxies in the survey volume
is not uniform; instead, we are probing different environments from nearby galaxies in
voids to galaxies that reside in walls. There are two over-dense regions: a nicely defined
wall at z = 0.12 and a larger concentration of galaxies in the interval 0.17 < z < 0.19. There
are empty regions, such as at z < 0.04, and a very noticeable gap from z = 0.13 to z = 0.16,
where only four galaxies are present. The detections, as shown by the red symbols, span
the probed redshift range, with most of them residing in the above mentioned wall that
has over 100 galaxies with known spectroscopic redshift.
The bottom panel of Figure 5.2 highlights some of the detections and their location on
a R.A.-z projection of the surveyed volume. The first galaxy shown (bottom left) resides in
an under-dense region, and is one of the detections that did not have a measured optical
redshift. The HI is distributed in a disk that is almost three times bigger than the optical
one, and is asymmetric, with the HI emission being more extended toward the north. We
also detect galaxies with companions; an example of this is the pair of galaxies detected at
z = 0.076 (bottom right). The larger galaxy on the left has an HI distribution that consists
of two components, with the southern component showing an extension to the right in the
direction of a companion that is 83 kpc away, and is also detected in HI . We also highlight
one of the detections in the wall at z = 0.12 (top right), with the optical morphology
showing several stellar components, suggesting it is an ongoing merger. The highest
redshift detection is shown in the top-left corner, where the HI is offset from the optical
image. The two smaller galaxies shown in the panel do not have optical spectroscopic
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redshifts.
In a follow-up paper, we will present our detections and a comprehensive study of the
HI properties with respect to the large-scale structure; here we present some preliminary
analysis on the properties of our detections in Figure 5.3 in terms of the HI mass, stellar
mass, and NUV−r color. The colors were attained from GALEX and SDSS DR8, and have
been corrected for extinction and band-shifting (k-correction) effects. We were able to get
reliable photometry for 28 of the detections, the remaining five were either not detected
by GALEX or were in close proximity to a star. The stellar masses are calculated using
SDSS colors and the K-band luminosity following Bell et al. (2003).
As seen in the top-left panel, we have detected a range of HI masses, from 1.6×107M
to 1.4 × 1010M, consistent with the predicted sensitivity at different redshifts assuming
a 150 km s−1 profile width. The masses below the sensitivity limit are either associated
with galaxies that have a smaller profile width, or they were found in the search by eye at
the position and redshift of a spectroscopically known galaxy, where we used a different
detection criterion (see Section 5.3.2). The color-magnitude diagram (top right) shows
that the majority of the galaxies within our observed volume are blue. The HI detections
mostly correspond to galaxies that are star forming, as indicated by the fact that we only
detect two galaxies with NUV−r > 4. The third panel shows that the galaxies occupy a
relatively narrow range in HI mass compared to the stellar mass, with the smallest galaxies
being gas-dominated (e.g., Kreckel et al. 2012). We find consistency when comparing to
ALFALFA (Huang et al. 2012), especially for high stellar masses. We also compare the
measured gas fractions and color with work by Catinella et al. (2012), and find agreement
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Figure 5.3 Properties of the detections with the colors corresponding to redshift and
the transparent symbols showing those that lie below the 5σ solid curve. The symbols
correspond to the following: galaxies with known optical redshift (circles), galaxies with
unknown optical redshift (squares), and galaxies with NUV−r > 4 (triangles). Top left:
HI mass as a function of redshift for the 33 detections, with the 5σ sensitivity curve
assuming 150 km s−1 (solid black line) and 50 km s−1 (dashed line). Top right: color-
magnitude diagram for the galaxies within the search volume shown in black, with the
color symbols showing the detections. Bottom left: HI mass as a function of stellar mass
with the dashed lines showing the ALFALFA values (Huang et al. 2012). Bottom right:
ratio of these two quantities as a function of NUV−r as compared to Catinella et al. (2012).
between the two surveys.
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Figure 5.4 Stacked signal of 80 galaxies with optical redshifts from zCOSMOS in the
interval 0.12 < z < 0.13. The average HI mass is 1.8 ± 0.3 × 109 M.
5.3.5 Stacking
We performed stacking of the HI spectra of the 80 galaxies with known optical zCOSMOS
redshifts between 0.12 and 0.13, corresponding to the large-scale structure visible in Figure
5.2, to illustrate the potential of the data for statistical studies (Figure 5.4). We find an
average HI mass of 1.8±0.3×109 M. This is somewhat smaller than other stacking studies
find at this redshift (e.g., Delhaize et al. 2013; Geréb et al. 2013). This is most likely due
to the fact that the galaxies at this redshift in the zCOSMOS survey tend to be somewhat
smaller than used in these other studies.
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5.4 Summary and Conclusions
We have, for the first time, carried out an HI deep field probing the entire redshift range
0 < z < 0.193. The pilot data give a glimpse of what will be possible with an HI deep field.
With only 50 hr, we identify 33 detections, three of them without an optical spectroscopic
redshift. These data will allow us to study the evolution of HI properties for a number
of galaxies as a function of environment using high-resolution HI maps and stacking
techniques.
Our pilot has shown that the VLA is ready to carry out an HI deep field. We have
successfully used automatic flagging algorithms to remove most of the RFI and were able
to get useful data across the 1190–1426 MHz band. The impact of RFI was mostly seen
at spacings < 2 km, where as much as 30%−40% of the data were flagged, and baselines
longer than 4 km are largely unaffected by RFI. This argues in favor of using configurations
with most of the collecting area at spacings longer than 4 km, even though this may result
in slightly reduced surface brightness sensitivity. The VLA’s B-array, where 70% of the
baselines are longer than 2 km, is the ideal configuration for an HI deep field.
We are entering a new era in radio astronomy and the results of the HI deep fields
planned with the VLA and other SKA pathfinders will increase our understanding of
galaxy evolution. Assuming the same parameters as in the pilot, a 1000 hr observation
done with the VLA of the same pointing over the redshift range 0 < z < 0.45 will translate
to approximately 300 5σ detections. These observations will place better constraints on
simulations, providing them with HI properties in a wide range of stellar masses and
environments across cosmic time.
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Chapter 6
A Very Large Array HI Deep Field1
6.1 Introduction
Neutral hydrogen (HI ) is a key component that has been missing in galaxy evolution
studies at z > 0. As discussed in Chapter 1 (Section 1.3.2.2), the star formation history of
the Universe dramatically changed between z = 2 and z = 0 (Hopkins & Beacom 2006), and
studying the gas content of galaxies will provide important clues into the processes taking
place. We are entering an exciting new era in radio astronomy where upgraded telescopes
and new facilities will be able to observe HI in galaxies beyond the local Universe. This
will enable us to better understand how galaxies grow and evolve over cosmic time.
HI is a valuable tool to study galaxy evolution since it is the raw fuel for star formation,
probes properties of galaxies, and serves as an excellent environmental tracer. Blind
1This chapter is a collaborative effort of the COSMOS HI Large Extragalactic Survey. In particular, I
would like to highlight the contributions from J.H. van Gorkom, A. Popping, E. Momjian, D.J. Pisano, D.
Lucero, H. Gim, M. Yun, L. Chomiuk, K. Hess, K. Kreckel, L. Hunt, N. Maddox, M. Meyer, J. Hibbard & T.
Oosterloo. An abstract for this chapter is reproduced in Section 1.4.3.2.
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HI surveys such as ALFALFA (Giovanelli et al. 2005) and HIPASS (Zwaan et al. 2003) have
measured the HI content of nearby galaxies. In addition, high-resolution studies have
shown gas accretion and removal processes taking place in different environments, and
have revealed details of the ISM (e.g., Chung et al. 2009; Kreckel et al. 2012; Walter et al.
2008).
Over the past 15 years, several studies have started to uncover the HI content beyond
z ∼ 0.1. Targeted surveys have measured the gas content of a limited number of galaxies at
higher redshift (e.g., Zwaan et al. 2001; Catinella & Cortese 2015). Long integration times
are necessary to detect HI in galaxies beyond the local Universe since the signal is very
weak. As a consequence of this, many studies use indirect methods such as stacking and
intensity mapping to attain a statistical measure of how much HI there is at a particular
epoch in the redshift interval z ∼ 0.1 − 0.8 (e.g., Lah et al. 2007; Chang et al. 2010; Masui
et al. 2013; Delhaize et al. 2013; Geréb et al. 2013).
New technology makes it possible for radio telescopes to observe with a much wider
instantaneous frequency coverage. Current facilities have been upgraded, including
the Westerbork Synthesis Radio Telescope (WSRT) and the Karl G. Jansky Very Large
Array (VLA)2. The next generation of radio telescopes, the Square Kilometre Array (SKA)
and its precursors MeerKAT and ASKAP, will also have powerful backends with large
bandwidths that will result in sensitive continuum surveys and HI deep fields.
The SKA pathfinders will be able to observe HI over large volumes in the interval
0 < z < 1.4. These surveys will employ both direct detections and stacking techniques
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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to measure HI for a wide range of galaxies at different redshifts. While still requiring
long integration times, the frequency coverage and large fields of view (using phased
array feeds in some cases) will result in a large observed volume. There will be a complete
census of HI in galaxies residing in the lower redshift Universe (z < 0.2); some surveys with
long baselines will result in high resolution studies, while others with short baselines will
achieve greater surface brightness sensitivity. At higher redshifts (z > 0.2), the telescopes
will not be able to spatially resolve detections, but it will still be possible to unambiguously
relate an HI detection to a stellar counterpart in most cases. Since it will be harder to
directly measure HI at higher redshifts (z ∼ 1), surveys such as Looking At the Distant
Universe with the MeerKAT Array (LADUMA) will rely on stacking techniques. It will
only be possible to directly image HI at z > 1 when the SKA comes online.
The first survey to probe a large volume at a cosmologically significant distance
is the Blind Ultra Deep HI Survey (BUDHIES) conducted with the WSRT. BUDHIES
consists of HI observations of two large volumes (total of ∼ 73, 000 Mpc3) in the range
0.164 < z < 0.224, each centered around a galaxy cluster. The observations probe a wide
range of environments with the clusters occupying only 4% of the volume (Verheijen et al.
2007; Jaffé et al. 2012). BUDHIES reports 160 direct detections in HI , and will use stacking
to probe the HI content for lower mass galaxies.
The VLA is now capable of observing the entire redshift interval 0 < z < 0.5 in one
setting. Here we present results for the first 178 hr of the COSMOS HI Large Extragalactic
Survey (CHILES), an HI deep field done with the VLA. The chapter is structured as
follows. We summarize the design of the survey in Section 6.2, describe the first 178 hours
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of data from a technical perspective Section 6.3, present preliminary observational results
in Section 6.4, and summarize in Section 6.5.
6.2 CHILES: An HI Deep Field with the VLA
6.2.1 Motivation and Goals
The VLA is currently conducting CHILES, a 1002 hr HI survey that is probing part of the
COSMOS field in one setting from z=0 to z ∼ 0.5. Our main scientific goals are divided
into three categories. First, HI images will allow us to study the content, morphology
and kinematics of a wide range of galaxies in different environments across cosmic time.
We will study individual galaxies in detail and their relation to the large scale structure,
and test if the scaling relations observed at z = 0 hold true at higher redshift. Secondly,
we will be able to probe the high end of the HI mass function and determine if there are
any changes with redshift or environment. Lastly, we will provide key measurements via
stacking for the cosmic HI density (ΩHI) in the interval 0 < z < 0.5.
CHILES is designed to detect a gas-rich galaxy with an HI mass of 3 × 1010 M at the
highest redshift. As seen in Figure 6.1, we are sensitive to a wide range of HI masses,
from 106 M locally to 3× 1010 M at high redshift. We are observing part of the COSMOS
field (Scoville et al. 2007), a 2 deg2 equatorial field with multiwavelength photometry,
spectra, and maps of the large scale structure. An additional advantage of choosing this
field is that it does not have strong radio continuum sources, making the calibration less
complicated. We are using the B array configuration of the VLA. This 5′′ resolution results
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Figure 6.1 Mass sensitivity curves (3σ, 5σ) across the observed redshift interval. The points
show the predicted HI mass for galaxies with optical spectroscopic redshift, NUV−r color,
and stellar mass in the observed volume using the relation of Catinella et al. (2010).
in a spatial resolution of< 1 kpc for nearby galaxies and of∼ 30 kpc at the highest redshift.
CHILES expects to detect 300 galaxies in HI at a 5σ level with 1002 hr, assuming
a 150 km s−1 velocity width for the detections. We calculated the expected number of
detections using two different methods that yield similar estimates. The first uses the
HI mass function at z = 0 of Martin et al. (2010) applied to the observed volume, assuming
no evolution. The second one uses the scaling relation in Catinella et al. (2010) to predict
an HI mass based on colors and stellar mass for the galaxies in the observed volume with
optical spectroscopic redshift (see Figure 6.1).
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6.2.2 A Pilot for CHILES
In preparation for the full survey, we conducted a pilot study during commissioning
that observed the COSMOS field in the interval 0 < z < 0.193 (see Chapter 5 for more
details). We sought to test different technical aspects, including the correlator setup, data
reduction, automated RFI excision, and source finding (Fernández et al. 2013). The pilot
was designed to detect a galaxy with an HI mass of 3×1010 M at z = 0.193, which required
60 hr of observing time.
We demonstrated with the pilot that the VLA was ready to carry out a deep field.
We used recirculation for the first time, which allows for greater velocity resolution in
exchange for longer correlator integration time. In addition, we learned that the B array
is the ideal configuration when conducting a deep field since its long baselines are not as
affected by RFI. We were able to remove most of the RFI using automated algorithms and
are currently using the calibrated pilot data to test different source finders.
In addition to the technical aspects, the pilot was also scientifically valuable. We
detected HI in 33 galaxies across the observed redshift range in different environments,
and used stacking to calculate an average HI mass for galaxies in a wall at z = 0.12.
6.3 Phase I: Observations, Data Reduction and Challenges
6.3.1 Observations and Instrumental setup
CHILES will be spread over several years since it requires too many hours for a single
configuration. The first set of observations (Phase I) was conducted in Fall 2013, where
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we obtained 178 hr spread over different lengths of scheduling blocks. It would have been
ideal to have the observations done in 6 hr sessions, but they were divided into shorter
sessions due to the assigned scheduled priority. Phase II (second set of data) consisted of
210 hr divided into 6 hr sessions and was observed in Spring 2015. The remaining hours
will be observed in the next 2 − 3 B-array configurations.
Each observing session consists of scans that were 3 − 4 minutes long, observing
either the bandpass calibrator (3C286), the complex gain calibrator (J0943-0819), or the
target field. We observed J0943-0819 first, followed by five scans on the target field, and
repeated that order throughout the observing run. We observed the bandpass calibrator
for at least two scans near the middle of the session.
The correlator setup covers the frequency range 941− 1421 MHz. We used frequency
dithering, which consisted of using three settings to minimize the loss of sensitivity at the
edges of the subbands: 941− 1421 MHz, 946− 1426 MHz, and 951− 1431 MHz. The setup
includes 15 32-MHz subbands for HI science. We used recirculation to achieve excellent
spectral resolution, resulting in each subband having 2048 channels of a frequency spacing
of 15.6 kHz (3.3 km s−1 at z = 0). The other available subbands are used by the commensal
survey CHILES Continuum Polarization (CHILES CON POL; PI: C. Hales), which will
deliver continuum images with full polarization. The continuum will also be utilized
by the transient survey CHILES VERDES (CHILES Variable & Explosive Radio Dynamic
Evolution Survey; PI: L. Chomiuk).
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6.3.2 Data Reduction
We decided to calibrate Phase I data using CASA. As discussed in Chapter 5, we used
AIPS for the pilot data since CASA could not handle the data volume at that time. Based
on various improvements over the past few years, we decided to switch to CASA for the
calibration of the full survey. CASA is the main software supported by NRAO, and new
algorithms are being developed to deal with the surveys with the new and upgraded
radio telescopes.
NRAO-Socorro developed a pipeline in CASA to calibrate VLA continuum data. We
use the main structure of the scripts as the foundation of our pipeline but modify them
to be able to calibrate the HI data. We only calibrate the 15 spectral windows dedicated
to HI science. The four continuum spectral windows are calibrated separately by the
CHILES CON POL team.
We first removed unnecessary steps or tasks that were not suitable for calibrating
spectral line observations. For example, the scripts would flag the beginning and end
channels for each spectral window due to loss of sensitivity in the edges. We decided not
to do this since we hope to achieve continuous frequency coverage.
We also modified how some of the tasks were run. In particular, we did extensive
tests on how to flag the data (see Appendix A for details). There are two main automated
flagging algorithms available in CASA: tfcrop and rflag. tfcrop is an appealing option
since it can be run on uncalibrated data. We decided against using it because it does not
work properly for broadband RFI, since it includes it as part of the initially calculated
bandpass shape. We then shifted our attention on how to best run rflag, which flags
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data above a certain threshold calculated in the spectral and time domain. The default is
to allow for the algorithm to calculate the statistics for each spectral window (spw), and
then flag data according to those values. This is problematic for a spw severely affected
by RFI, since the time and frequency rms will be high due to RFI, and will not be able to
identify bad data. This led us to select a clean spw to calculate the statistics, and then scale
those values to the system temperature variations across the frequency range. We chose
spectral window 14 (close to 1400 MHz), since we knew from the pilot that this range was
relatively free of RFI.
The modified pipeline followed standard calibration procedures. We first did Han-
ning smoothing and an initial delay, bandpass and gain calibration to run rflag on the
calibrators. Once the calibrators were flagged, we repeated the calibration and derived
final solutions. It took the pipeline around 36 hr to calibrate a 6 hr observing run. The
raw data was about 0.5 Tb in size, which doubled once read into CASA.
6.3.3 Data Inspection
We used several diagnostics to evaluate the quality of the calibration. The NRAO-VLA
pipeline creates several plots that show the solutions of the delay, bandpass, and gain
calibrations in amplitude and phase. It also plots amplitude vs. uv distance for each of
the observed sources. All of these plots are moved to a weblog directory that can be easily
accessed through a web browser. We decided to use most of these plots to evaluate the
quality of the calibration.
In addition to these plots, we implemented a few additional ways of checking the
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quality of the data. We first created a smaller frequency-averaged measurement set (ms)
for the two calibrators and the target field. We did this by averaging the inner 1500
channels for each spw. We then used the CASA viewer to inspect the averaged data set to
check for possible issues with antennas or scans. It is important to use these viewer plots
with caution since they do not have any frequency information.
We then proceeded to generate test images to further check the calibration in the
image domain. This was inspired by our experience with the pilot, where we made an
image of the target source for a single channel per spw to check the quality of the image
and measure the rms noise, the peak of the continuum, and the synthesized beam. This
proved valuable in diagnosing problematic data, so we adopted a similar approach for
the full survey. For Phase I, we used the frequency averaged ms to create an image for
each spw and each source. We checked the quality of the image and extracted some useful
information such as the rms noise, peak of the continuum, and synthesized beam. Even
though this is a quick way of inspecting the data, it is not perfect since we do not have any
frequency information (i.e., the image might be of poor quality due to a few bad channels).
The last diagnostic in the image domain was a small cube of 200 channels centered around
the frequency of the brightest detection of the pilot (1381 MHz) to verify the detection.
The data inspector spent long hours understanding the plots and going through the
different diagnostics to decide whether the pipeline had done a satisfactory job or if it
was necessary to flag bad data and rerun the pipeline. In most cases, the inspector had
to rerun the pipeline at least once. The data inspector also spent some time assessing the
quality of the target field data. Some of the data were affected by RFI, but we did not do
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intensive flagging by hand since new capabilities might become available in the future, in
particular, a better automated flagger and channel-based weighting to downweight noisy
channels. Once the data reduction was satisfactory, the data inspector would create final
data products that included the split target field and the calibration tables.
6.3.4 Imaging
Imaging proved to be very challenging due to the data volume. We had two different
imaging approaches each based at a different location. One was based in Australia, where
we had access to the computing facilities at ICRAR. The initial plan was to copy the raw
data to Australia, and perform calibration and imaging there. We then decided to calibrate
the data in Socorro to be able to give immediate feedback to the NRAO staff in case there
were any issues with the data, and do the imaging in Australia. We copied the raw data
to Perth from Socorro and used the stored calibration tables to generate a calibrated target
field to then image the data using traditional methods. Imaging the whole frequency range
941 − 1431 MHz and the full field of view was not possible due to the data volume so
we split the data into different frequency intervals, imaged those, and then stitched them
together to cover the entire range. In addition to using ICRAR facilities, we also had access
to Amazon Web Services. Amazon Web Services is interested in developing computational
resources for the sciences. They approached our team members in Australia since they
considered our large datasets to be ideal to start testing their resources. Our team members
in Australia, in collaboration with Amazon, were able to use this service to image the data.
We noticed a few unexpected features with clean in CASA, where the noise spectrum
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had step-like behavior. After doing several tests, we realized that this was caused by
using robust weighting. We have to use natural weighting if we want to have a flat noise
spectrum.
The second approach to imaging consists of the development of a uv gridder. This
work is based in Socorro, New Mexico and led by CASA developer Kumar Golap. This
approach divides the imaging process into two steps. In traditional imaging routines, the
gridding and imaging take place at the same time. The idea with this new task is to create
a user-defined grid (i.e.,size, weighting choice) before imaging to store the calibrated uv
data. Then, the user just keeps adding new visibilities and re-averaging the data for each
cell. The benefit here is that we would be storing the gridded data, rather than linearly
combining the data. Using traditional tasks would generate a total uv database of 160
TB, while the product from the uv gridder would only 1.6 TB. This represents a huge
improvement, and this sort of algorithms should be developed now that we are entering
an era of big data. The latest tests from the gridder show promising results, and we expect
to be able to use it later in the year.
6.3.5 Lessons for Phase II
Phase I has taught us many lessons, including successes and issues we should consider
for the upcoming configurations.
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Figure 6.2 Noise spectrum across the observed frequency range. Top: noise spectrum for
one 6-hr observing session. Bottom: noise spectrum for 3 6-hr observing sessions, each
having a different frequency setup. The pilot covered the frequency range 1190 − 1426
MHz.
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6.3.5.1 Frequency Setup and RFI
Figure 6.2 shows the rms noise across the observed frequency range. The top panel shows
the noise spectrum for a 6-hr observing session for one frequency setting (951−1432 MHz).
The bottom one shows three 6-hr sessions combined, each having a different frequency
setup. As expected, the noise goes down as we add more data and we are able to see some
features in the noise spectrum more clearly.
Frequency dithering worked well and we will continue to use it in the upcoming
observations. The effects of using it can be seen in the lower panel of Figure 6.2, where
three regularly-spaced spikes separated by 5 MHz appear throughout the spectrum every
32 MHz. Without frequency dithering we see a much higher spike every 32 MHz (see
upper panel of Figure 6.2), showing that the noise is a factor of 2 higher due to loss of
sensitivity at the edges of the band. Frequency dithering dilutes this effect and causes three
spikes, with the noise being higher by only a factor of 17%. The only issue encountered
here was with the 941 − 1421 MHz frequency setup, where we noticed in some observing
sessions that the first spw was completely wiped out by a strong RFI signal that caused
ringing throughout the band. We are not sure what was the exact origin of this signal,
but the receivers are not very sensitive in that range so we decided to shift our setup to
frequencies above 945 MHz for Phase II.
Figure 6.2 also shows that we will be able to probe the HI content of galaxies at
z > 0.4. These frequencies had not been probed before with long integration times so we
were uncertain of the performance of the receivers and the RFI environment. The receivers
are still sensitive at lower frequencies (< 1000 MHz). In addition, these frequencies are
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not as affected by RFI so we should be able to reach thermal noise. This noise spectrum
also confirms that we encountered the worst of the RFI during the pilot (e.g., broad-band
satellite RFI around 1240 MHz).
As seen in Figure 6.2, residual RFI is still an outstanding issue at some frequencies.
rflag removes RFI that is above the noise but leaves RFI below the noise. The only way
to notice it is when averaging in time, but CASA automated flaggers do not have the
capability to do this. We are currently working on creating a time-averaged ms, run rflag
on that to identify problematic data, collect those flags and then apply them to the original
ms.
6.3.5.2 Imaging
One of the challenges we encountered during the pilot and during Phase I is the effect of
RFI on the synthesized beam. Short spacings are usually flagged at frequencies affected
by RFI, and this tends to make the size of the synthesized beam smaller (see Figure 5.1
in Chapter 5). Having different beams in every channel presents a challenge for analysis
of the images. Different software packages handle this differently. For instance, the AIPS
approach is to use the beam found in the first channel of the cube and scale the images
accordingly. CASA does not scale and keeps the beam information per channel, which
poses some challenges in further processing. For example, continuum subtraction must
be done in the uv plane, and source finders need to take into account the different beam
sizes.
Inspection of the images also shows there might be bandpass calibration issues with
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flagged channels. In CASA there is an option to interpolate a solution for flagged channels
when solving for the bandpass, but we decided against using it, since it is known to give
incorrect results. The pipeline still interpolates when it applies the bandpass table and
we suspect it is not doing it correctly. Even though there are gaps in the bandpass table,
the interpolation introduces an artifact in the calibrated data at the affected frequencies.
At this stage, it seems better to extend the flags from the bandpass calibrator to the other
sources to avoid issues with the interpolation.
6.3.5.3 New pipeline for Phase II
We decided to run a much simpler pipeline for Phase II, where we have greater control of
the data, and are able to inspect the data during the pipeline run rather than afterward.
First, we want to make sure we inspect the data before putting them through the
pipeline. This is challenging due to the data volume, which means we have to come
up with quick diagnostics. In the pilot, we made a plot of a short baseline per spw of
amplitude vs. frequency to identify channels affected by RFI so we could exclude those
from calibration. In Phase I, the default was to use the inner 75% of the band, and this is
not wise if there is strong RFI in those channels. Similarly, it is important to choose a good
reference antenna. The pipeline for Phase I selected one of the 4 inner antennas, which
tend to be the ones most affected by RFI.
One of the biggest challenges was inspecting the data and re-running the pipeline.
We want to change the pipeline so we have it broken up into different modules. At the end
of each of these, the user would inspect and continue running the pipeline if everything
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is satisfactory. The different modules would be:
• Data Inspection: Diagnostic plots to select RFI-free channels per spw for calibration
and pick a good reference antenna.
• Bandpass Calibration: Do an initial bandpass calibration to be able to run rflag. Run
rflag on the bandpass calibrator and re-do the calibration. Inspect the amplitude
and phase solutions per spectral window. If satisfied, proceed to the next module
that deals with the complex gain calibration. If not, introduce the necessary flags
and iterate until satisfied with the solutions.
• Gain Calibration: Apply the bandpass solutions, run rflag on the calibrator, and
perform the complex gain calibration. Inspect the amplitude and phase solutions as
a function of time, if there are issues, iterate until satisfied. Apply the calibrations
to the target field.
• Image Quality: Make small test cubes per spw. These cubes should be spatially
smaller (possibly 256 × 256 pixels) and frequency averaged. We would inspect the
quality of the images, check for residual RFI and calibration errors, and measure the
noise and the peak of the continuum across the spw.
Once we have checked the quality of the calibration and the images, we can combine
the data using the uv gridder and then image them.
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6.4 Phase I: Preliminary Results
Now that we have calibrated data products, we can make cubes of selected frequency
ranges to explore the data in the image domain. We can use these cubes as a quality
check of the calibration, determine where more flagging is necessary, verify some of the
detections in the pilot, check whether we still reach theoretical noise as the integration
time increases, and search for HI at higher redshifts. It is important to highlight that these
imaging results are preliminary, since we are still verifying the calibration, developing
better flagging algorithms, and deciding on the best way to subtract the continuum. The
images presented in this section subtract the continuum in the image domain, while
eventually we plan to subtract it in the uv plane possibly using the continuum image from
the commensal survey.
6.4.1 Comparison with the pilot data
We can now revisit the detections reported in the pilot with the Phase I data. Here we
focus our discussion on three galaxies, a pair of nearby dwarf galaxies, and a merger
at z = 0.12. We compare these systems in terms of their HI distribution maps and total
HI mass.
Figure 6.3 consists of six total HI distribution maps for the three galaxies: the upper
panels correspond to the pilot data and the lower ones to the new data. The contours show
the HI starting at 2σ in steps of 4σ, overlaid on deep HST images (Koekemoer et al. 2007;
Massey et al. 2010). The optical images for each galaxy have the same spatial scale. We
made the HI moment maps from cubes with the equivalent effective frequency resolution
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Figure 6.3 Total HI distribution maps for three of the galaxies detected in the pilot. The
top panels show the pilot data, and the bottom ones correspond to Phase I data. Each
panel has the synthesized beam in the bottom-right corner. The contours start at 2σ and
are drawn in levels of 4σ. The 2σ contour corresponds to the following column densities:
1.7 × 1020 cm−2 (upper-left panel), 1.7 × 1020 cm−2 (upper-middle panel), 2.7 × 1020 cm−2
(upper-right panel), 1.1×1020 cm−2 (lower-left panel) , 1.1×1020 cm−2 (lower-middle), and
2.9 × 1020 cm−2 (lower-right).
(126 kHz). The moment maps were constructed using a 2σ cutoff, and using the same
spatial and frequency smoothing for each galaxy.
We also compare the HI masses between the two sets of data for the three galaxies.
Figure 6.4 shows the HI mass and stellar mass for all of the detections in the pilot in
gray. The color symbols show the values for the three systems highlighted here; the blue
correspond to the pilot values and the red show the new HI mass for Phase I. The dotted
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Figure 6.4 HI mass vs stellar mass for the detections in the pilot from Fernández et al.
(2013). All of the detections are shown in gray, the blue symbols show the measured
HI mass from the pilot data, and the red symbols show the revised HI mass for the three
galaxies (with error bars). The dotted lines is the scaling relation derived from ALFALFA
(Huang et al. 2012).
lines show the scaling relation derived from ALFALFA data (Huang et al. 2012).
The first two columns in Figure 6.3 correspond to two dwarf galaxies separated by
70 kpc at a distance of 30 Mpc. The pilot data show that the HI goes slightly beyond
the stellar component. Now with the new data we see that the HI disk is much larger,
at least 3 − 4 times more extended than the pilot data. This indicates that the modest
surface brightness sensitivity of the pilot data was missing some of the extended emission
in nearby galaxies. We use equation 3 from the pilot paper to calculate the 3σ column
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sensitivity per channel (∼ 27 km s−1), resulting in NHI ∼ 2.5 × 1020 cm−2 (1σ = 80 µJy
beam−1) for the pilot and NHI ∼ 1.6 × 1020 cm−2 (1σ = 60 µJy beam−1) for Phase I. We still
have not reached NHI ∼ 2 × 1019 cm−2 with the new data. This column density marks
the supposed edge of the HI disk since HI is rarely detected at lower column densities
beyond that radius (Corbelli et al. 1989; van Gorkom 1991; Maloney 1993). Once CHILES
is complete, we expect to reach a thermal noise of 50 µJy beam−1 for a 6 km s−1 channel.
This would translate to a 3σ column density of NHI ∼ 3 × 1019 cm−2, which is comparable
to the edge of HI disks. This missing extended emission suggests that tapering the data or
observing with a more compact configuration will be beneficial for nearby galaxies with
extended emission.
The extended emission seen in the moment maps translates to a higher HI mass.
In the pilot, we found that these galaxies had roughly the same amount of HI as mass
in stars, which is unusual for systems of stellar mass less than 109 M. Isolated dwarf
galaxies tend to be gas-rich, with the HI surpassing the stellar mass (Huang et al. 2012;
Maddox et al. 2015). This suggested we could either be underestimating the amount of
HI , overestimating the stellar mass, or there might be a physical reason for these systems
to be HI -deficient. The HI masses from Phase I data are considerably higher than before,
the galaxy shown in the first column has an HI mass a factor of 4 higher than in the pilot,
and the other dwarf galaxy has now an HI mass a factor of 1.6 higher (see Figure 6.4).
These revised HI masses are still below the dotted line, but they are within the scatter of
the relation.
We also select one of the bright detections at higher redshift (z = 0.12) to determine
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if surface brightness sensitivity is an issue. As seen in the third column of Figure 6.3,
this galaxy is an on-going merger whose HI emission is not extended and is comparable
to the size of the synthesized beam. The moment maps from the two sets of data are
similar, with the Phase I data detecting a hint more of HI . This small difference translates
to a slightly higher HI mass (see Figure 6.4), almost within the error bars of the previous
measurement. Therefore, the two sets of data give consistent values for the amount and
distribution of HI for this galaxy.
The difference between the HI distributions for the two dwarf galaxies reminds us
that making moment maps is very challenging. Even though the column densities for the
two sets of data are comparable, we see much more extended HI with the Phase I data.
We think this is due to the way the moment maps were made. We set a 2σ cut, which
might have blanked some of the weaker extended emission from the pilot data. It might
be better to implement smoothing with different kernels to choose the moment map that
better reflects the HI seen in the channel maps. This is time consuming but source finders
like SoFiA (Serra et al. 2015) are designed to do this.
One issue of concern is that the noise in the cube for Phase I at z = 0.12 is slightly
higher (120 µJy beam−1 per 62.9 kHz channel) than in the pilot (100 µJy beam−1 per 62.9
kHz channel). There are many possible explanations for this. First, the new cube shows
a hint of residual RFI in this frequency range. This can be due to the RFI environment
being worse in the Fall of 2013 than in the Spring of 2011. Another possibility is that
the flagging routines are not as effective as in the pilot. Different beam sizes could also
explain a difference in the noise. This does not seem to be happening here since the
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sizes are comparable; Phase I has a synthesized beam of 7.′′35 × 5.′′21, while the pilot had
6.′′08 × 5.′′66. Lastly, we still need to do a more careful subtraction of the continuum for
Phase I. Another aspect worth keeping in mind when comparing the pilot with the new
data is that we need to take into account the actual integration time on source. For the
pilot, all of the observing sessions were 6 hr long, with approximately 5 hr on source.
Phase I had observing sessions of different lengths, including several 1 hr sessions, which
translates to additional time spent on the calibrators. Consequently, it is possible we are
overestimating the time on source.
6.4.2 An extremely gas-rich spiral at z = 0.37
We can also start using Phase I data to probe the HI content of galaxies at z > 0.3, where no
direct HI detections have been reported. The highest redshift HI detection in the literature
is by Catinella & Cortese (2015) at z = 0.24. We imaged the range 1028 − 1038 MHz since
there are over 100 galaxies with optical spectroscopic redshift that match those frequencies
(z ∼ 0.37). This can been seen in Figure 6.1, where we plot the predicted HI mass for the
galaxies in the observed volume. There are approximately 30 galaxies with predicted
HI masses above 1010 M.
The resulting cube has a spatial scale of 1024 × 1024 of 2′′ each, and a total of 160
channels with a width of 62.9 kHz (∼ 18 km s−1 at z ∼ 0.376). There is RFI at 1030 MHz
and we exclude the affected channels when subtracting the continuum. The noise is 80
µJy beam−1, which translates to a 3σ detection limit of 1.5 × 1010 M (assuming a velocity
width of 150 km s−1). We search for HI around each of the 30 galaxies and find a tentative
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Figure 6.5 HST image of COSMOS J100054.857+023126.21 and nearby galaxies (Koeke-
moer et al. 2007; Massey et al. 2010). The main galaxy (labeled 1) is a massive spiral
whose SED is dominated by the IR. This LIRG has a luminosity of LIR = 4 × 1011 L and a
SFR=∼ 60 M yr−1. Table 6.1 has more information about the galaxies labeled here.
detection of HI for COSMOS J100054.857+023126.21.
Figure 6.5 shows a deep HST image of the galaxy COSMOS J100054.857+023126.21
and some of its possible companions (Koekemoer et al. 2007; Massey et al. 2010). The
COSMOS catalog has multiple redshift measurements for this galaxy, we initially assumed
a z = 0.376 since it was the main entry. The galaxy is a massive spiral of M∗ = 6× 1010 M,
whose SED is dominated by IR light, as evidenced from its total IR luminosity of LIR =
4×1011 L. The stellar mass and IR luminosity were calculated by Kartaltepe et al. (2010b).
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Table 6.1. Possible COSMOS J100054.857+023126.21 companions
Galaxy number R. A. Decl. Spectroscopic z Photometric z Distance (kpc)a
1 10 00 54.86 2 31 26.2 0.376b 0.3803 -
2 10 00 55.06 2 31 21.9 - 0.8478 27
3 10 00 54.94 2 31 17.7 - 0.3812 45
4 10 00 54.72 2 31 21.1 - 1.163 28
5 10 00 55.21 2 31 30.6 - 1.2833 36
aProjected distance from main galaxy (#1) assuming they are at z = 0.376
bRedshift derived from the optical spectrum presented in Section 6.4.2.2
This spiral is classified as a Luminous Infrared Galaxy (LIRG), which are objects whose
IR luminosity is in the range 11.0 < log(LIR/L) < 12.0. Using the relation in Kennicutt
& Evans (2012), the IR luminosity would translate to a SFR∼ 60 M yr−1. In addition,
this galaxy is detected by GALEX (both FUV and NUV), and in continuum with the
COSMOS-VLA survey.
Table 6.1 lists this galaxy and information about 4 galaxies that lie at close projected
distance. We include the coordinates, redshift, and projected distance from COSMOS
J100054.857+023126.2. The information for the companions is scarce, since the four are
very faint with r > 23.
6.4.2.1 HI data for COSMOS J100054.857+023126.21
We present HI channel maps around the frequency of 1032 MHz in Figure 6.6, which
corresponds to a redshift of z = 0.376. The HI emission is very weak and is discontinuous.
The contour levels are drawn at levels of −2σ, 2σ, 3σ, where 1σ = 80 µJy beam−1. There
are three main components: one that is shown in the first row (panels 1-3) just south of the
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Figure 6.6 Channel maps showing the HI for COSMOS J100054.857+023126.21. The con-
tours are overlaid on an HST image and are drawn in levels of −2σ, 2σ, 3σ; the positive
ones are shown in purple and the negative one in white. The channel width is 62.9 kHz,
which corresponds to 18 km s−1 at z = 0.376.
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optical position of the galaxy matching the position of companion #3, a second that can
be seen from panel 5 to panel 7 and is coincident with the spiral, and lastly, some weaker
blobs in the last 4 panels to the northwest and southwest. The first panel corresponds to
a frequency of 1031.586 MHz and the last one to 1032.336 MHz. This would make the
emission ∼ 0.750 MHz wide (∼ 240 km s−1 at z = 0.376). We can take the center frequency
to be either the midpoint of the frequency range (1031.961 MHz), or where the HI coincides
with the optical (1031.898 MHz). We are probably detecting the higher column density
gas and will only be able to confirm the validity of the blobs with more sensitive data.
In addition, more data will presumably result in a smoother HI distribution. If we add
up all of the emission in these channels, the corresponding HI mass for the system is
(2.7± 1.4)× 1010 M. If we include only the emission coincident with the disk of the spiral
(panels 4-7), the HI mass would be (9.5 ± 4.3) × 109 M
We include the three components in the moment map and the result is shown in
Figure 6.7. As hinted by the channel maps in Figure 6.6, the HI is very extended and
some of it coincides with the optical galaxy, and one of the companions. We also include
a spectrum at the brightest pixel of the moment map to show how the peak compares to
other frequencies (see Figure 6.8). The peak stands out but it is still a very weak detection.
We trust the detection because of the spatial and spectral coincidence with the optical
galaxy.
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Figure 6.7 Total HI map distribution for COSMOS J100054.857+023126.21. The moment
map includes emission from all of the channels shown in Figure 6.6. The contours corre-
spond to 2σ, 4σ, 6σ, where 2σ = 1.5 × 1020 cm−2.
6.4.2.2 Spectroscopic follow-up for COSMOS J100054.857+023126.21
We followed up the candidate detection with two separate sets of observations with the
main objective of measuring an accurate spectroscopic redshift. First, we obtained 2 hr of
data with the Large Millimeter Telescope (LMT; PI: H. Gim & M. Yun) divided into two 1 hr
sessions. We observed the galaxy with the Redshift Search Receiver at the LMT (Erickson
et al. 2007), covering the range 73 − 111 GHz with a spectral resolution of 31 MHz (∼110
km s−1 at z = 0.376) to search for possible CO (1-0) associated with this system. We present
the detection in Figure 6.9. The larger panel shows the full frequency coverage, and the
small inner one is a zoomed-in version centered on the detection. We detect CO (1-0)
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Figure 6.8 HI spectrum along the brightest pixel of the moment map. The frequency axis
is limited to 1030 − 1038 MHz, since there is an RFI-related issue below 1030 MHz.
at 83.7819 GHz (as shown by the arrow), which corresponds to a redshift of z = 0.3758.
The linewidth is 483 km s−1, and the derived CO luminosity is (2.1 ± 0.3) × 1010 K km s−1
pc2. The resulting molecular hydrogen mass depends on the conversion factor used (see
Bolatto et al. 2013, for a review). If we assume α = 0.8, which is often used for starburst
galaxies (Solomon et al. 1997), we get a molecular hydrogen mass of ∼ 1.7×1010 M. If we
use the galactic conversion factor of α = 3.2 (e.g. Saintonge et al. 2011), the H2 mass would
be ∼ 6.7 × 1010 M. The beam of the LMT is about 21′′, which translates to a linear scale
of over 100 kpc, so the emission might be coming from some of the companions listed in
Table 6.1.
The second set of observations consists of additional optical data to further confirm
the redshift of the system. We observed it for 1 hr with the SOAR/Goodman spectograph
using a slit oriented N–S (PI: L.Chomiuk & J. Strader). We confirm the redshift of z = 0.376,
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Figure 6.9 CO spectrum for COSMOS J100054.857+023126.21. The data were taken with
the Redshift Range Receiver at the LMT. The larger panel shows the full frequency range,
and the inset shows a zoom-in on the CO detection at 83.7819 GHz.
using three lines in the spectrum (rest wavelengths): [OII] at 3727Å in emission, Hδ at
4102Å in absorption, and Hβ at 4862Å (see Figure 6.10). The [OII] is typical of star forming
galaxies, and the Balmer absorption lines show it has a stellar population that is a mix of
young and intermediate age stars.
6.4.2.3 Interpretation
We presented optical, HI , and CO data showing that COSMOS J100054.857+023126.21 is
at z = 0.376, and that it is rich in both molecular and atomic gas. Besides this being the
highest redshift HI detection to date, it has a number of unique properties, including its
IR luminosity, morphology, and vast amounts of gas. We discuss them below:
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Figure 6.10 Optical spectrum taken with the SOAR/Goodman spectrograph. We derive a
redshift of z = 0.376 from three lines: [OII] at 3727Å in emission, Hδ at 4102Å in absorption,
and Hβ at 4862Å (the listed numbers are rest wavelengths).
Luminous Infrared Galaxy at z ∼ 0.4:
The IR luminosity of this system is LIR = 4 × 1011 L, which implies a SFR of 60 M yr−1.
As seen in Figure 6.11, this galaxy has an IR luminosity that is higher than the average
for galaxies at this redshift. In addition, we can compare the specific star formation rate
of this galaxy (sSFR=SFR/M∗ = 1 × 10−9 yr−1) with others at z ∼ 0.4. Typical galaxies at
this redshift with similar stellar mass have a sSFR∼ 10−10 yr−1 (Damen et al. 2009). This
translates to a SFR of 6 M yr−1, a factor of 10 less than the inferred one. The high level
of star formation is also reflected in its radio continuum emission. This source was both
detected with the VLA-COSMOS survey, and with the commensal continuum survey
CHILES CON POL. Its flux density at 1.4 GHz is 241µJy, and it is probably due to intense
star formation.
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Figure 6.11 Total IR luminosity as a function of redshift from Kartaltepe et al. (2010a).
The sample consists of 1503 70µm selected sources in the COSMOS field. COSMOS
J100054.857+023126.21 is highlighted in cyan, showing it is on the high end of LIR at that
redshift.
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Locally, optical images and HI maps have shown that (U)LIRGs correspond to major
mergers (e.g., Hibbard & Yun 1999; Veilleux et al. 2002; Ishida 2004; Fernández et al. 2010).
At higher z, there are contradictory results on this issue, with some studies suggesting
that the high LIR can be mostly attributed to actively star-forming galaxies with turbulent
disks (Melbourne et al. 2008), while others showing that major mergers are still important
(Kartaltepe et al. 2010b; Hung et al. 2014). The optical image of this system does not show
any signs of interaction, but as we discuss below, HI observations suggest the galaxy
is undergoing an interaction with at least one of the neighboring galaxies. If it is an
interaction, it would be in the early stages since we do not see any disturbances in the
optical image.
HI distribution suggests interactions with companions:
The predicted HI mass for this galaxy is 2.8 × 1010 M (see Figure 6.1), which is almost
identical to the detected amount ((2.7 ± 1.4) × 1010 M). The measured amount is a lower
limit, since we are probably detecting only the highest column density gas. In addition,
the HI distribution implies that it includes emission from neighboring galaxies as well.
The HI map also shows that its peak is offset from the optical position of the spiral galaxy,
suggesting that the HI disk is undergoing a gravitational interaction. Phase II and data
from upcoming configurations will confirm whether the extent of the HI is real, and we
will be able to perform a more detailed kinematic analysis.
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Amount of CO suggests we are seeing emission from companions
The measured H2 mass is much higher than expected for an isolated spiral galaxy. We
can calculate a predicted H2 mass from the relation found in the COLD GASS sample of
350 local galaxies with stellar masses 1010 < M∗/M < 1011.5 (Saintonge et al. 2011). For
the detections, the relation is log(MH2/M∗) = 0.202 × (log(M∗) − 10.70) − 1.300. According
to this relation, a galaxy with a stellar mass of 6 × 1010M is expected to have an H2 mass
of 2.9 × 109M, an order of magnitude less than the measured amount. The LMT has a
beam of 21′′ (> 100 kpc at z = 0.376), which covers the neighboring galaxies. It is therefore
possible that we are detecting CO from these galaxies. We need to follow-up this detection
with ALMA to map the distribution of CO. If we detect some of the companions in CO,
we would pin down their spectroscopic redshift.
6.5 Conclusion
We have presented preliminary results for the first 178 hours of data. We summarize our
results below:
• We introduce the COSMOS HI Large Extragalactic Survey (CHILES). CHILES is an
1002 hr on-going survey being done at the VLA spread over 4-5 B-array configu-
rations that is observing part of the COSMOS field. We are using the expanded
bandwidth of the VLA to probe the HI in the range 0 < z < 0.5. We have observed
and reduced 178 hr of data (Phase I). We obtained 210 hours of data in the Spring of
2015 and we will be reduce them in the next months.
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• We completed the calibration of Phase I data and are currently inspecting the quality
of the calibration.
• We are in the process of evaluating what worked in Phase I and what can be done
differently with Phase II data.
• We introduced the uv gridder, a task that results in a total uv gridded data set that is
100 times smaller than combining all of the uv data.
• We compare Phase I data with the pilot data for three galaxies, two nearby galaxies
and a merger at z = 0.12. Phase I data show a more extended HI for the two nearby
dwarf galaxies. The galaxy at z = 0.12 has comparable distribution and mass with
the two datasets.
• We present the highest redshift detection to date, which is a massive spiral galaxy
with an extreme star formation rate. Its IR luminosity is higher than the average for
galaxies at the same redshift. The gas properties of the system show that the high
star formation rate can be explained by an interaction with neighboring galaxies.
The HI is very extended, and the CO is an order of magnitude higher than expected
for galaxies of this stellar mass.
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The work presented here explores how the gas properties of galaxies can be used to study
their evolution. The thesis consisted of three parts: one was a comprehensive study of the
molecular and atomic gas of a merger remnant, the second was a study of the halo gas
in a Milky Way mass galaxy using a cosmological simulation, and the last one presented
results for the first HI deep field.
I will conclude this thesis by describing the future prospects for simulations and
observations. Then, I will revisit the three questions posed in Chapter 1, briefly summarize
how the work presented here provides insight into these, and highlight upcoming work
both in observations and in theory that will further help us understand these issues.
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7.1 Future Prospects
7.1.1 HI Surveys with SKA Pathfinders
As mentioned throughout this thesis, we are entering a new era in HI science where current
and new telescopes will have powerful backends to probe large volumes. These surveys
are being done in preparation for the Square Kilometre Array (SKA), a radio telescope
that will be 100 times bigger than any of the existing facilities. The SKA pathfinders serve
as an ideal testbed for the new technology the SKA is planning to have (for a review see
Blyth et al. 2015).
The next facility that will be ready to do this is Apertif. Apertif is a major upgrade
from WSRT, where the main aim is to increase the field of view of the current telescope
by a factor of 25. This will be achieved by installing phased array feeds (PAFs) at the
primary foci of the 12 WSRT antennas. This will enable the telescope to have 37 beams
on the sky, with an effective field of view (FoV) of 8 deg2 (Oosterloo et al. 2010). As of
now, there are two surveys planned related to HI science. The first one would consist of
shallow observations of the northern sky (δ > 27◦). The second one would be a deeper
wide-area survey in the redshift interval 0 < z < 0.2. It would cover 500 deg2, and reach a
column density sensitivity below 5 × 1019 cm−2 (Verheijen 2014). The first 6 PAF systems
will be installed in the summer of 2015, and observations will start in 2016.
The Australian Square Kilometer Pathfinder (ASKAP) will also use PAFs in its 36
antennas. The system will result in 36 beams, with an effective FoV of 30 deg2. The
maximum baseline will be 6 km, and have an instantaneous frequency coverage of 300
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MHz (Johnston et al. 2008). There are three main surveys that are related to extragalactic
HI science. The first one is the Widefield ASKAP L-Band Legacy All-Sky Blind Survey
(WALLABY). With a total integration time of ∼ 1 year, they will survey 75% of the sky
in the interval 0 < z < 0.25, and expect to detect 600,000 galaxies. The second survey is
The First Large Absorption Survey in HI (FLASH), which will probe HI in absorption in
the range 0.5 < z < 1.0 using background continuum sources. The last survey is Deep
Investigations of Neutral Gas Origins (DINGO). It will consist of 7500 hr divided into two
phases. DEEP will cover 150 deg2 at redshifts < 0.26, and UDEEP will cover 60 deg2 in the
interval 0.1 < z < 0.43. ASKAP is currently under construction and will start observations
in 2017.
The South African SKA Pathfinder (MeerKAT) will consist of 64 antennas. It will
have most of the antennas (70% of the collecting area) within an inner 1 km diameter core,
with a maximum baseline length of 8 km (Booth & Jonas 2012). There are 4 HI surveys that
are planned with the telescope. The first one, LADUMA (Looking At the Distant Universe
with the MeerKAT Array) survey, will use two receivers, one that goes to medium redshifts
(z ∼ 0.6) and the other one allows HI observations out to z ∼ 1.4 (Holwerda et al. 2012). It
will observe one single field for 5000 hr and the FoV ranges between 1 deg2 at z = 0 to 4
deg2 at z ∼ 1.4. The second one is the MeerKAT Absorption Line Survey, which will probe
OH and HI in absorption. The third one is MHONGOOSE (MeerKAT HI Observations of
Nearby Galactic Objects: Observing Southern Emitters), which has been allocated 6000
hr to observe 30 nearby galaxies down to column density sensitivities of 1 × 1019 cm−2.
Lastly, A MeerKAT HI Survey of the Fornax Cluster will be a 2500 hr survey of the Fornax
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Cluster. MeerKAT is also under construction and is projected to start science observations
in 2017.
In addition to the planned science, these telescopes are also preparing the community
for the SKA. The SKA will be divided into two parts, SKA phase 1 (SKA) and the full SKA
(for a detailed discussion see Staveley-Smith & Oosterloo 2015). The community has not
decided on which surveys to do with SKA1, but the optimal use of telescope time would
be to carry out commensal surveys. SKA 1-mid will be in South Africa and it will consist
of a combination of MeerKAT dishes and 190 new SKA dishes. More dishes will be added
to SKA1-mid for the full SKA.
7.1.2 Molecular gas observations
We are also entering a golden era for molecular gas studies (for a review see Carilli &
Walter 2013). The Atacama Large Millimeter/Submillimeter Array (ALMA; Wootten &
Thompson 2009) started early science operations in 2011 and will expand its capabilities
over the next few years. The telescope is designed to cover the frequency range 84 − 950
GHz and its longest baseline is 16 km. ALMA is able to observe dust continuum emission,
different CO transitions, and a number of rest-frame FIR lines, all serving as probes of the
cold gas content. In addition to ALMA, molecular transitions from high redshift sources
can also be observed with the high-frequency bands of the VLA.
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7.1.3 Simulations
As mentioned in Chapter 1, simulations are able to reproduce the large scale structure
but still struggle with the “gastrophysics.” The complex interplay between accretion, star
formation, and feedback on different scales and phases poses challenges to simulators (for
a more comprehensive review see Somerville & Davé 2014). High resolution cosmological
simulations have improved over the last decade and it will soon be possible to make
better comparisons with observations. Two of the more recent ones are the EAGLE
Project (Schaye et al. 2015), and the Illustris simulation (Vogelsberger et al. 2014). These
simulations represent an improvement in three key areas: (1) simulate a larger volume
with good spatial resolution, (2) include more sub-grid physics (e.g. different kinds of
feedback and cooling), and (3) use more accurate numerical methods.
7.2 Gas in galaxy evolution
7.2.1 How do galaxies get their gas?
As discussed in Chapter 1, the question of how gas gets into halos is a highly debated
topic in galaxy evolution. Chapter 4 is directly related to this question, where we study
the halo gas of a Milky Way sized galaxy using a high resolution cosmological simulation.
We found about 108 M of HI in the halo, with most of the clouds having column densities
in the range 1016−1019 cm−2. The simulation did not include an interstellar UV field so this
range is an overestimate. Current halo gas observations reach a column density sensitivity
of NHI = 1018 − 1019 cm−2 (Heald et al. 2011; Pisano 2014). MeerKAT’s MHONGOOSE
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might be able to reach some of the predicted column densities through stacking.
Both observations and theory are showing that the bulk of the halo gas is ionized. In
a follow-up study with the same simulation as in Chapter 4 (Joung et al. 2012b), we found
that the majority of the inflowing gas is ionized. The HI studied in Chapter 4 is embedded
in mostly ionized filaments. Even though we are only studying one galaxy, results from
other simulations agree with our conclusions (Nuza et al. 2014; Nelson et al. 2015). Recent
observations of warm halo gas seen in absorption against background quasars seem to
be consistent with this picture (e.g. Lehner & Howk 2011; Tumlinson et al. 2011; Lehner
et al. 2015). The next question is what happens at the disk-halo interface. Detecting
ionized gas in emission might provide clues into this. Upcoming instruments such as
CHaS (Circumgalactic H-alpha Spectrograph) will be able to image the Hα in the halos of
nearby galaxies, and could explain how the ionized gas eventually enters the disk.
7.2.2 How do galaxies change over time?
This question will be addressed using both observations and theory, as presented in Part
II and III of this thesis. Understanding the star formation history of the Universe is one
of the most studied questions in galaxy evolution. This can be addressed in several ways,
including understanding how accretion changes over time, the cosmic gas density, and
the details of the ISM for individual galaxies.
As discussed in Chapter 1, galaxies in the high redshift Universe accreted the bulk
of their gas through filaments. For example, in the simulation presented in Chapter 4 we
found that the amount of halo gas changes in the interval 0 < z < 0.5 (see Figure 4.5).
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It is roughly constant between 0 < z < 0.3 but increases at higher z to almost 109 M.
Even though this mass is not detectable with CHILES (Part III), the increased amount of
halo gas might have an impact on the gas properties of the disk. More sensitive SKA
pathfinders will reach those mass sensitivities. In addition, surveys like LADUMA will
observe galaxies at z > 0.5, where cold mode accretion should be even more active thus
easier to observe. None of the observations will have the spatial resolution to show the
details of halo gas, but it will be possible to know whether most of the HI is inside or
outside the optical disk.
In addition, we need improved simulations and observations to constrain the amount
of gas available at a given redshift. As discussed in Chapter 1, it is necessary to attain
more accurate HI and H2 data in the interval 0.1 < z < 2. This will serve as a constraint
for simulations. All of the HI deep fields will add data to this interval through stacking
techniques. In addition, some CO deep fields are underway and this will provide more
data for ΩH2 (Carilli & Walter 2013).
Cosmological high resolution simulations will continue to improve and eventually
be able to follow the gas from the IGM to the halo, and eventually understand the star
formation properties of galaxies. These improvements will be driven by all of the upcom-
ing HI observations listed in Section 7.1, which will quantify the amount, distribution and
kinematics of gas in a large sample of galaxies. Currently, simulators only have constraints
at z = 0 for gas-rich galaxies, but this will change in the next few years. The Apertif wide-
area survey and WALLABY will provide a complete census of HI in galaxies z < 0.2. In
addition to probing a cosmologically interesting volume, the surveys will achieve lower
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mass sensitivity limits than ALFALFA or HIPASS, which will enable studies of dwarf and
early-type galaxies. Lastly, it will be possible to determine whether the scaling relations
hold at all mass ranges and across cosmic time.
7.2.3 How are galaxies affected by their environment?
Before the HI deep field era, environmental studies were done with pointed observations
(as described in Chapter 1). Part I is an example of such study, where we observe a merger
remnant and some nearby galaxies. As shown with NGC 34 and other observations (e.g.
Schiminovich et al. 2013; Ueda et al. 2014), many merger remnants are able to rebuild
disks from tidal tail material, and seem to result more in an S0 rather than in an elliptical.
The role of dwarf galaxies in mergers has gathered attention over the past few years. Both
observations and simulations are exploring the importance of dwarf-dwarf interactions
(e.g., Stierwalt et al. 2015), and of minor mergers (e.g. Knierman et al. 2013).
The first environmental study to probe large volumes in HI is BUDHIES, the WSRT
observations of two volumes each centered at a cluster at z = 0.2 (Verheijen et al. 2007;
Jaffé et al. 2012). The clusters only occupy 4% of the observed volume, providing a control
sample of galaxies in the field at similar redshifts. The two clusters are very different,
A2192 is young with substructure, and A963 is massive and detected in X-rays. The effect
of ram pressure stripping in A963 is evident from the HI data (Jaffé et al. 2015). BUDHIES
reports 160 direct detections but is currently doing stacking to uncover the HI of galaxies
below the sensitivity limit.
Environmental studies of galaxy evolution will be done by all of the HI surveys
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described in Section 7.1. HI deep fields will provide an unbiased sample of galaxies across
different environments. As shown in Part III, HI deep fields simultaneously observe a
wide range of environments, from voids to walls of galaxies. For example, we detect a
galaxy in HI with a very extended disk that is in a void. In the wall at z = 0.12, we see that
the stacked average HI mass is less than the amount seen in other galaxies in the field,
showing a possible environmental effect. In addition, we detect an interacting group of
galaxies in the wall at z = 0.376.
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Neff, S., Paltani, S., Pellò, R., Picat, J. P., Pollo, A., Pozzetti, L., Radovich, M., Rich, R. M.,
Scaramella, R., Scodeggio, M., Seibert, M., Siegmund, O., Small, T., Szalay, A. S., Welsh,
B., Xu, C. K., Zamorani, G., & Zanichelli, A. 2005, ApJL, 619, L43
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Jaffé, Y. L., Poggianti, B. M., Verheijen, M. A. W., Deshev, B. Z., & van Gorkom, J. H. 2012,
ApJL, 756, L28
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Hulst, T., Meyer, M., Koribalski, B. S., Staveley-Smith, L., & Courtois, H. 2015, MNRAS,
448, 1922
Shapiro, P. R. & Field, G. B. 1976, ApJ, 205, 762
Shapley, H. & Curtis, H. D. 1921, Bulletin of the National Research Council, Vol. 2, Part 3,
No. 11, p. 171-217, 2, 171
Shields, G. A. 1990, ARA&A, 28, 525
Shull, J. M., Jones, J. R., Danforth, C. W., & Collins, J. A. 2009, ApJ, 699, 754
Soifer, B. T., Sanders, D. B., Madore, B. F., Neugebauer, G., Danielson, G. E., Elias, J. H.,
Lonsdale, C. J., & Rice, W. L. 1987, ApJ, 320, 238
Solomon, P. M., Downes, D., Radford, S. J. E., & Barrett, J. W. 1997, ApJ, 478, 144
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I have tried different flagging options in CASA, mostly using the following three modes:
tfcrop, rflag and extend. I have done most of the testing on either the flux calibrator or
the deep field. I should also note that I am using a smaller database consisting of one scan
on the flux calibrator, one on the phase calibrator, and 3 scans on the source. All of the
plots show amplitude versus frequency.
A.1 tfcrop
One of the strengths of this task is that it runs on uncalibrated data so we were considering
running it before doing the bandpass calibration with the hopes of improving the initial
calibration and avoid subsequent flagging. I found that tfcrop effectively removed the
narrow peaks but struggled with broader RFI. One of the inputs is to set the number of
pieces for the polynomial fit. I changed this parameter quite a bit and didn’t find any
optimal setup. In several cases there were two RFI bumps and tfcrop seemed to flag the
good data since it flags whatever deviates from the fit. After several attempts, we decided
tfcrop should not be used and that we should optimize the parameters of rflag.
1This memo was written by the author for the collaboration on October 23, 2013
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The first thing I did was to test the thresholds used in rflag to decide which parameters
work best. I first zoomed in the first 10 spectral windows, where we expect the worst RFI.
Figure A.1 shows the unflagged data for these spectral windows and a short baseline.
This algorithm flags in frequency and in time according to four parameters: freqdev,
timedev, timedevscale, and freqdevscale. The first 2 parameters correspond to the noise
in frequency and in time, and the last two specify the threshold to use (i.e. data above the
value selected here times the rms will be flagged). The user can input any values for the
rms or allow rflag to calculate the rms in frequency and in time per spectral window. I
first ran it by letting it calculate its own values. It does remove some of the high points
but it doesn’t fully excise the RFI. I ran it again with the hopes of flagging more bad data,
presumably the rms will now be lower since some of the high points are gone. The top
row of Figure A.2 shows the two rflag runs on the same baseline and spectral windows.
As it can be seen, running rflag a second time does flag more data but RFI is still present.
Another option is to extend the flags to see if it would eliminate some of thoe broad bumps.
I ran ‘mode=extend’ using the following parameters: ’extendpols=False’, growtime=80,
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growfreq=90, growaround=True, flagneartime=True and flagnearfreq=True. The
first parameter was set to False since the RFI is different in the two polarizations. The next
two parameters can be changed but we chose conservative numbers to avoid excessively
flagging the data, now if 80% of the timerange is flagged, then it will flag the whole thing
and if 90% if the channels are flagged per spectral window, then it will flag the whole
spectral window. The bottom row shows the effect of extending the flags, which flags
more data but the broad bumps are still present.
The issue of running rflag as described above is that there are some spectral windows
that are very noisy due to RFI and the calculated rms is very high, so it doesn’t effectively
remove the high points. I ran rflagonce using ‘mode=calculate’ and asking it to write out
the calculated rms for each spectral window both in frequency and in time. As expected,
the rms for the spectral windows affected by RFI is very high, while the calculated values
for good spectral windows is much lower. I ran rflag using a set number for all spectral
windows based on the values of the good spectral windows (timedev=3; freqdev=2). The
left panel of Figure A.3 shows the result of this, showing an improvement over what was
shown in Figure A.2. I also extend the flags using the same parameters as before and the
effects are shown in the right panel of Figure A.3.
After testing this on one baseline and 10 spectral windows, I decided to check if
using one cutoff for all spectral windows for all baselines across the observed range of
frequencies. I’ve tested this for all antennas showing all spectral windows. Figure A.4
shows some of these plots. The top row corresponds to all baselines with antenna 2 and
the bottom one shows all baselines with antenna 10. The first column shows the data after
one round of rflag using timedev=3; freqdev=2. The second column shows the data
after extending the flags once, and the third shows when extending the flags twice. This
method seems to eliminate most of the broad bumps and extending the flags twice might
be better than doing it only once. The bottom row shows that this method is not perfect
and there is still some RFI present in the data.
Most of the really bad RFI is in spectral window 5 and I decided to focus on this one
to see if there is anything that could be done to improve the flagging. Figure A.5 shows all
baselines for SPW 5 in the following sequence: pre-flagged, rflag, extending once, and
extending twice. The first plot shows that the RFI in this spectral window is really bad
and most of it is removed after one round of rflag. The extensions flag more data and
at the end we have satisfactory results. The noise in this spectral window is just higher
than in the other ones, which explains why it stands out when plotting all of the spectral
windows together.
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Figure A.2 First 10 spectral windows for one scan of 3c286 and a short baseline. The left
panel shows the results after one round of flagging using the rms calculated by rflag in
frequency and in time per spectral window. The right panel shows the results after one
more round of flagging using new calculated values. The bottom plot shows the effect of
extending the flags.
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Figure A.3 First 10 spectral windows for one scan of 3c286 and a short baseline showing
the results of using rflagwith a constant rms cutoff (left) and extending the flags (right).
A.2.2 Deep Field
Now that we have established that the flagging works reasonably well on the flux cali-
brator, it is important to test if this works on the deep field as well. I realized that plotting
all baselines for sets of spectral windows is faster than the plots I was making before.
This section has plots showing all baselines for 8 spectral windows at a time. I will now
assume that using a pre-determined value for the time and frequency rms gives better
results. I will be using timedev=0.035; freqdev=0.025, since these are typical values rflag
calculates for the RFI-free spectral windows.
I first test if ‘combinescans=True’ has an effect on the flagging. I tested this for all
spectral windows and it doesn’t seem to make a difference. Figure A.6 shows an example
of this, where I’m plotting the first 8 spectral windows using ‘combinescans=False’ on the
left and ‘combinescans=True’ on the right. As it can be seen, it barely makes a difference
so from now on I’ll be just using ‘combinescans=False’.
The next set of plots (Figure A.7) shows all spectral windows and the effects of rflag
and extending the flags. The first column shows the unflagged data, the second shows
the same data after one round of rflag, the third shows the data after extending the flags
once, and the last one shows the data after extending the flags twice. The different rows
correspond to different spectral windows: SPW 1-8 (first), SPW 9-16 (second), SPW 17-24
(third), and SPW 25-32 (last). The benefits of using rflag are obvious, extending the flags
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Figure A.4 Effects of flagging and extending the flags on 3C286. The top row shows all
baselines with antenna 2 and the bottom shows all baselines with antenna 10. The first
column shows the effects of flagging with rflag, the second column shows the data after
extending the flags one, and the last column shows the data when extending the flags
twice.
once seems to help, and extending the flags twice occasionally helps.
The last thing I tested was whether running rflag twice improves the results of the
flagging. I first run rflag with the set values, and then I run it by letting it calculate its
own rms per spectral window. This does not seem to have a big impact on the flagging.
Figure A.6 shows an example of this for the first 8 spectral windows, where the first plot
shows the first rflag (same as the second column of Figure A.7), the second plot shows the
second rflag using its own computed values per spectral window, and the third shows
extending the flags once. The second rflag doesn’t seem to have an effect on the data
indicating that one rflagwith the right parameters gets most of the RFI.
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Figure A.5 All baselines for spectral window 5 for 3C286 in the following sequence:
pre-flagged, one round of rflag, extending once, and extending the flags twice.
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Figure A.6 The first 8 spectral windows using ‘combinescans=False’ on the left and
‘combinescans=True’ on the right for the deep field.
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Figure A.7 Flagging the deep field. The first column shows the unflagged data, the second
shows the same data after one round of rflag, the third shows the data after extending the
flags once, and the last one shows the data after extending the flags twice. The different
rows correspond to different spectral windows: SPW 1-8 (first), SPW 9-16 (second), SPW
17-24 (third), and SPW 25-32 (last)
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Figure A.8 Flagging the first 8 spectral windows. The first plot shows the first rflag (same
as the second column of Figure A.7), the second plot shows the second rflag using its
own computed values per spectral window, and the third shows extending the flags once.
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